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ae 
OF HYDRAULIC TURBINES 
GENERATORS 


By ANDREW M. Komora,* M. Aw, Soc. C._ 


SYNOPSIS 


| Most engineers \ who have installed hydroelectric generators have 
that certain units « operate perfectly whereas others p perform i inam 
much to b be. desired. Construction methods and procedures differ widely, 
“the writer believes that, by adhering, to certain fundamentals i in erection pro pro- 
cedure , most units. can be assembled s 80 5 as to 0 operate perfectly. _ The purp purpose 


“of ieee is to offer suggestions for the perfection of such methods and 


‘The construction procedure for assembling and erecting turbines and 


generators recommended i in this 8 paper is ‘based principally | on the methods us aol 


by the Tennessee ‘Valley Authority (TVA). : The i installations vary from ‘the 
low-head, large-diameter Kaplan- type turbines at Pickwick Landing, Tenn., "7 _ 
“to the: relatively high- head Francis-type units at Hiwassee, N.C? 2 The! funda- 
mental rules apply t to all types of installations and give comparable — 

The steps i in the erection are | presented under six headings, or ‘ ‘stages,’ ’ in the 


“order in which they occur. 
rin which they ney 


AND ERECTING TURBINE 
Fig. 1 illustrates cross sections through vo typical: turbine types, 
he nomenclature generally used ‘by engineers and construction personnel. 


Although the paper refers expressly to the typical “Kaplan” installation, the ~ 


general procedure i is applicable to all types. 
— od i is assumed that, just prior to placing the embedded part of the first 


turbine, the - concrete for the power-house substructure has been poured ¢ as high 7 
as possible. In the case of a concrete scroll case, the largest part of the scroll- 


ine No™: —Written comments are invited for immediate publication; to insure publication the last 
iscussion should be submitted by August 1, 1944, my 

Pe Director, of Central Hidroeléetrica Cafién del Pato. Project, Lima, 
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lal floor will have been poured, including the scroll-case walls. Ar recess large 


“are erected high e enough to receive the speed ring with sv clearance 


for placing screw jacks and steel shims under it. ee 


= 


ZZ, 


Name of Part Mem Name of Part “Name of Part of Part 
Draft Tube Liner wt Bearing Guide Vanes Runner Tip 
Discharge Ring Stuffing Box T x Guide Vane Ring oC Runner Blade 
Speed Ring 5C Head Cover Barrel MainShaft 
Pit Liner Shifting Ring 9B ShaftSleeves Runner Hub 
Cover Piste Operating Cylinder and Rods Reservomotor Piston $‘andCap 
Cover Plate Extension and 10A Runner Runner Blades 
“eas draft- sabe’ liner i is then set in place, centered, and alined approximately. 
to grade. It is anchored securely to U-bolts placed it in the concrete. The speed 
ring is next: assembled, either in place « or on an assembly deck, depending 02 
handling facilities and space requirements. Great care is necessary to level the 


Ting as closely as possible. ‘Strong supporting blocks, preferably cut from 
Be spc are used i in addition to screw jacks. Iti is not necessary to spend 
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_ bring it exac exactly to thin grade ca 

_ procedure for the unit assembly i is - dependent on the final ae and owed 

; lines 0 of the speed ring. The lower and upper discharge rings are assembled ~ 
place and centered as closely as : possible to the speed-ring center. r. Thet ultimate _ 
= clearances will depend on how accurately this phase of the work is done. | 


At this point all bolted contact joints have been coated with red lead a: and 
_ After assembling the} rings, the draft- tube liner is fastened) to "the lower. 


and installations, but most modern draft-tube liners are welded to the discharge ~ 
Tings. Careful “stitch” welding in light layers and peening avoid the danger 

= Double extra strong 6-in. pipe, or its equivalent, is best to brace the speed 
rigidly, i outside (see Fig. Iti is false ‘economy to use 


arms, 
ies bolts at the ends of the struts should be about 2 in. in diameter: and 
‘should be tack-welded to the ring. ‘The external struts should be placed op- 
“posite those on the inside of the speed ring to avoid distortion. They should be 
- Supported by shores at close centers to preclude the possibility of sag. The 
Ting should be “trued uy up” ’ for roundness by jacking with the struts, a and then it 
> 
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a In 
‘Whether a level or a a transit i is used on the engineer’ preference. 
= target | can be made u up p of cross hairs mounted on a micrometer head 


which in turn i is mounted ona i heavy steel base eC. The speed Ting, the 4 


‘The lower and 1 upper pit liners are assembled on to the speed ring = 
the ring has been completely grouted. . Reasonable care is needed in alining and 
centering the pit liner, but this snsaiiiitin should not be carried to extremes, 
The principal thing is 8 to center the operating cylinder bases, as closely as possi- 
ble, on the center line of the unit. — Of primary imeettenes to » designers and 
manufacturers i is the that the of the cylinder b bases 


manufacturers provide a “dutchman”’ or filler to between the 
operating eylinder and 1 the base ¢ on the pit liner - Measurements are e taken 
between the « 
filler pieces ¢ are | machined SO as tot take up any discrepancy. — - ‘Iti is recommended 
that the bases be made thick enough to allow for facing in the field. This 
operation can be performed with a a job- constructed facing r rig made of as on 
speed air motor to which a heavy slotted plate | with a cutting tool is mounted. 
Se _A poor practice among some designers and manufacturers is to require that 
’ the y pit liner be welded to the speed ring for watertightness. There is always 
a good chance of distorting the speed ring during the welding operation. » - 
watertight joint can be obtained by providing a V / cut in the speed-ring flange 
or pit-liner base (possibly both), and by inserting a rubber filler slightly larger 
than the V cut. Care must also be exercised t to avoid distorting the speed 1 ring 


B in 1 welding the various membering joints i in the] pit liner. - Welds should be made 


in thin layers, and peened. 


speed ring on a unit is generally designed to support a large 
part of the superimposed scroll-case roof, the entire generator, , ineluding rotor, 
the water-wheel runner, and the hydraulic thrust. It is highly essential, 
therefore, that a good grouting job be obtained under the speed ring, to avoid 
possibility of an open joint or seam. ant 

The ¢ concrete around the lower and upper r discharge 1 rings should be poured 

in relatively short lifts to within about 6 in. of the speed ring, the actual distance 
_ depending on the design of the speed ring and on job conditions. Then the 
concrete is allowed to stand for seven or eight days, being cooled with a water 
me: to shrink it as much as possible. yates 
Procedures and proportions for mixing grout in turbine installations prob- 

_ ably vary r more wit with different construction organizations than | any y of t the other 
operations. In an » effort to devise a consistent standard, a series of grouting 

_ tests was conducted at at Wilson Dam during the fall and winter of 1941. As a 
result of these studies the writer recommends that grout headers, about 4 or 
and ft or ft be inserted in he speed ring. 4 He 


= 


— 
— 
. 
— 
a 
gr 
— 
| 
— 
éCé asses may be alined perfectly, but it will be found invariably that they are out 
— 
| 
— 
— 
Be 
i 
8 
| 
( 
i 
— Ba 
— 


otor, 
tial, 


prefers t rs them t to bel 1} }in., or larger, in diameter, w with funnels to to facilitate pouring 
“grout. _ Small vent holes, 0.5 in. to 0.75 in., should be provided in the qpeed 
‘Ting, spaced i in a Staggered | manner, one > being placed i in each ribbed ca corner. 
Pouring should begin simultaneously at several points on the: speed ring and the 
grout should be worked uniformly away from each header. For one to two 
- hours, or until all signs of free water and laitance have disappeared, the grout 
should be rodded thoroughly. When there is evidence that pure - grout is 
escaping from any vent hole, this hole is plugged. — This procedure is followed 
= all vent holes around the speed ring, and all vents are reopened : at about 7 
10- min intervals and | checked for free’ water. 


i. Water-cement ratios are re to be as low ¢ as s possible, but ‘not lower than 0.5 50 
“a in confined : areas; ~ 
2.00 Coarse aggregates are to be added to the grout as working conditions — 


3. Th The grout is to be rodded continually for at leas n hour, or until all of 
ss the free water and laitance i is expelled. ; 


Designers wi will lay out the pours around a unit i in makin say 4 4 to 6 
yi depending on the } physical size of the turbine. Alternate segments 
will then be poured so as to equalize the radial thrust on the speed ring and pit _ 
- diner, As a general rule, a , seven-day interval (or more) i is necessary between 
“horizontal lifts and a three- day interval between vertical lifts. This will allow 


more re rapid of the individual pours, thus minimizing the 


or stay, thus causing possible misalinement or died of the speed rin 
ing po ‘speed ring. 


Srace 4. _ ERECTION or TURBINE INTERNAL Parts INcLUDING 
STATIONARY AND RoTAaTING -ELEMENts 
_ The starting point of all assembly of the internal parts s of the turbine i is a 
_ guide-vane ring. In some installations, this is fixed at the time the speed a 
and upper discharge ring are installed and is an integral part it of th these members 
“(eee point 8, Fig. 1(a)). In other installations, the guide-vane ring is a a sepa- a. 
Tate member; it is necessary that the ring be centered as closely as possible to 
the discharge ring and fixed in its final position by dowels. vel 
arge ring and fixed in its final position by dowels, ts 
201 The outer cover plate is assembled in place and bolted loosely to the speed 
ring. A steel mandrel, having the same diameter as the guide-vane. trunnions, 
is inserted through the upper guide-vane bushing in the outer cover plate and 
- into the lower guide-vane bushing i in the e guide-vane ring. This check is made 
each set of bushings. may be n necessary to shift outer cover plate 
during this operation in order to aline the upper and lower bushings properly. 


7 In some some instances, it 1 may be ne e necessary ry to o scrape the bushings to prevent binding 
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of the guide-vane stems. W hen the nr are properly alined, the outer 
cover plate is bolted rigidly to the speed ring and a sufficient number of dow el 


_ holes are drilled to fix the position of the outer cover plate with respect to the 
The outer cover plate is then raised as a unit and blocked up on timber 
cribbing; the guide vanes are next installed in accordance with factory m: match 
= ‘marks; the outer cover plate i is lowered in place, bolted and doweled to the speed 
ring; and each of the guide vanes is centered vertically so that the clearance is 
= same between the guide vane and the guide-vane ring and outer cover plate. 
7 ‘2 The inner head cover (the lower point 4A, Fig. 1(a)) is bolted to the head 
_ cover barrel (point 5C, Fig. 1(a)). — (Dowel holes j joining these pieces usually 
are drilled in the factory. )- These two pieces should be installed as a unit. 
The head cover barrel is centered with the discharge ring and the inner ‘cover 
plate i is then doweled to the outer c cover, ‘using ‘undersize dowels. The cover- 
plate extension (point 4B, ‘Fig. 1(a)) and shifting ring (point 6A, Fig. 1) are 


installed i in the order named, ~ During this. operation, the runner is is generally 


(point 6B, Fig. -1(a)) are as assembled to their - bases on cit 
liner. _ Great care must be exercised in this operation t o aline the cylinders. 
concentrically with the shifting ring. _ The rods are generally alined with the 
shifting r ring at the mid-stroke position in order toe equalize the radial throw-out 
between the fully open and closed position. As mentioned, the pit: liner will, 
be distorted somewhat due to the shrinkage of the conerete. it would bea 
In 
most cases it is necessary to insert a 2 machined filler } plate ‘seteenton the nee 
_ cylinder and the pit-liner support. A better method is to have the manufacturer 
weld a base plate of sufficient thickness to the pit liner to allow for machining 
onthe job. Accurate measurements, for alinement requirements, can be taken 
_ during the assembly of the operating cylinders and the base plate can be milled 


with a job- facing tool. The o operating cylinders and shifting ring are to be 


shaft no serious difficulties. The clear- 
omen between the runner blades (point 10E, Fig. 1(a)) must be equalized, if 
necessary by inserting shims in the operating links (point 10C, Fig. 1(a)). The 
> packing around the runner hub is inserted carefully a nd tightened 1 with the 
_giand ring. The hub is tested with air pressure to insure the tightness of the 
packing. Thei inner cover plate (lower f point 4A, Fig. 1(a)) is removed from the 
‘ _ turbine pit and mounted on the runner assembly and bolted to the head cover 
- barrel (point 5C, Fig. 1(a)). The stuffing-box housing (point 5B, Fig. 1@) 
is now mounted around the shaft ¥e This provides a temporary support for the 
runner and shaft assembly. The entire assembly i is next placed in the turbine 
The inner head cover is bolted and doweled 1 rigidly to the outer head cover. 
Ther runner and shaft are centered as closely as possible in the upper discharge 
ring (point 2 2A » Fig. | 1(a)) and ‘the head cover barrel, respectively. The shaft 
as possible. It is advisable to place covet 
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hold the the shaft in. vertical alinement during: the generator assembly. Fixed 


tram points are placed i in the inner head cover just above the lower ‘guide bear- — 


the generator guide- bearing housing and shoes should be inserted 

| and centered about the center of the shaft throw-out. Generally, — 
clearances of from 0. 004 i in. to 0.006 in. are used i in the final adjustment. It is 
advisable to use long copper. shims between the turbine guide- bearing 
and the s shaft. ; The shoes a are jacked firmly against these shims and ad left in 1 this 
position until the generator shaft is alined to the turbine. e. In this connection, 
shoes are most practicable—that is, shoes with tapered back 


“seats— —because, 2 as wear occurs, they can be readjusted easily to maintain the | 
"proper runnin 


Srace 5. Erecrion” OF FEATURES 


Only the mechanical features of generator erection w hich tie in to the turbine 


are discussed in this paper. . Generator erection in detail has been covered 
Great care should be exercised in n establishing the correct grades for the main - 
: - bracket and stator sole plates (6F). The turbine s shaft generally will be be resting — 
B ona temporary seat from one fourth to three fourths of an inch below its final - 
; grade before being coupled to the generator. _ This clearance, plus an additional 
_ allowance of from 0.030 to 0. 050 in. for main bearing-bracket deflection .— 
- pending « on the bracket span and loading) should be taken into account when 
the final elevation of the sole plates 
is highly. desirable to. o center and | aline the generator | shaft and bearing 
. bracket to the turbine shaft before final centering and alinement of the stator. 


The generator shaft is centered on the thrust bearing before being placed in the 
pit. The thrust-bearing shoes are all set to initial adjustment before the rotor 
is placed. At this point both the main bracket and stator sole plates are — 
grouted. a It has been found that. grout with a water-cement ratio of 0.40 “tt 
best suited for this purpose. — _ This grout is dry enough s so that it can be placed 
under the bearing plates s without the use of forms and does not shrink on set- 
‘Some g generator manufacturers use a radial type bracket, v whereas others use 
through girders | with side arm stiffeners. In the latter case, it is recommended _ 
that the side arms be not fastened and doweled to the sole plates until the unit ‘4 
has been loaded to about three quarters of its rated capacity. . The added 


- deflection caused by the hydraulic thrust will tend to close-in the guide-bearing 
shoes (point 6E, Fig. 3) and thus cause excessive heating if the side arms are 


A 


fter the bearing- bracket sole plates are -grouted, the remainder of the 
~ generator erection can be completed. The generator | shaft i is centered accu-— 
-Tately and | plumbed to the turbine shaft . Four heavy plumb bobs suspended 


piano wires: at points can best t be used for this purpose. Using 


"Order Out of Chaos,”’ by H. A. Wallace, Allis-Chalmers Review, 1941. 
—*“Slugged Are,” H. A. Wallace, ibid., June, 1942, -  - Ben ail 
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o the generator shaft. ‘Iti is customary practice to make the permanent cou 
= bolts 1 to 2 mills oversize, v which necessitates freezing the sage in dry ice 
forcing them i in place with method is satisfactory 


—— 
= 


Rotor Spider 6D Bearing Oil Cooler @ 


Stator Windings 6G Housing - 

Upper Upper Bracket . 8 Exit Exciters : 


thrust, in the case of the maximum internal pressures. 
~ This will assure that the turbine and generator shaft coupling faces are in posi- . 
tive contact under all conditions. — In the old days, the general order used to be 
to “slug her up till she rings and then take another turn. “ae In some instances, 
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misalinement of shafts. The customary stretch in bolts is from 0.006 to 0.012 — 
_ mill, depending on the number, size, and length of bolts, and on the total _ 


4 The customary procedure is to have the turbine shaft shipped to the gen-_ : 
“ull erator manufacturer for final fitting up to, and alining with, the generator shaft 

—a needless expenditure of timeand money. With present precision machining 

7 methods, the chance of misalining the coupling flanges i is negligible. _ The holes — ? 


for the coupling bolts can be subdrilled in the shop 3 in. undersize ‘and line 
reamed in the field after the two shafts are drawn together. One generator - 


al - ‘manufacturer uses this method in fitting his rotor to the shaft in the field. — For — 
a cutting unit, he uses an automobile cylinder honing machine fitted up with a 


cutting 


; _ - After the turbine shaft is coupled permanently to the generator shaft, the 
entire re unit is free to s swing on the thrust t bearing. 17 _ The thrust-bearing s shoes are are 
set up as uniformly as possible. oe are generally adjusted by either the 


‘skilled and the ‘second is much more e accurate. ly each shoe 

F adjusted progressively around the thrust bearing. The amount of tension on 


each adjusting screw is determined by the mechanic by observation and “feel” 
of the wrench. At best, this is a guess on the operator’s part.  ealealie., the —_ 
i “slugged are” ’ method consists of measuring an are at a known radius of a hand- — 
q calibrating wrench. . Each of the adjusting screws ws under the thrust shoes is —_ 
loosened completely, progressively a and one at a time. The screws sare tightened 
by : a hand- calibrating wrench, care being exercised to obtain the same tension _ 
oneach screw. The arc is measured by a graduated scale and 1 the values are 
plotted. The loose shoes are tightened and the tight shoes are loosened” by 


amounts depending on the plotted values. The “slugged are” measurements 
are repeated and the values s again plotted |. Theoretically, they shi should all fall 
on the same horizontals line. An experienced ‘operator generally can make : a 
uniform adjustment on the second 
§ _ The following method of adjusting thrust- st-bearing s shoes was evolved on the 
je by G. L. Teague and has been used s successfully on two vo large machines | (see ; 7 
‘Fig. The combined assembly consisting of rotor, generator and turbine 
- shafts, and runner is plumbed as as accurately as possible. The initial thrust of 
| - each j individual thrust shoe is immaterial. _ Two indicators are placed at the 
lower guide bearing at the quarter: points (see Fig. 4(c)). 
| Compression i is applied on the thrust shoes progressively, beginning with 
shoe No. 1 and continuing to . shoe No. 8 (Fig. 4(b)). If either indicator shows 
,* least movement during the adjustment on any individual shoe, the setting 
is stopped and the p process is repeated on the next shoe in numerical order. 
Obviously the setting up of shoe No. 1 will not produce any movement in the 
west-east direction, but will produce 1 motion in the north-south direction. hon] 
adjustment of shoe No. 2 will produce a movement which will show up on both 
indicators i ‘in Fig. 4(c). . The procedure i is repeated until the e slightest adjust 
‘Ment on any individual shoe produces ‘a movement on either indicator. — This 


method will work with any n number of tl of thrust 
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Be ; absolutely essential that, whatever method i is used _* thrust shoe be | 
adjusted to as uniform a loading as possible. — The successful Tunning of the 
will depend toa high degree. on this this adjustment. 
FT 


a 


In recent years, it has been customary to make “* ‘rotation’ a” ‘ehheak on the 


eambined assembled unit. This check consists in ‘rotating the unit mechani- 
me -eally (by jacking o or attaching ca cables from the power-house crane to the rotor 
spider) through four 90° turns and taking plumb readings at several points. 
- The bearing s shoes are coated \ with a heavy graphite and oil lubricant prior to 
the mechanical rotation to preclude the possibility of scarring the bearing 
surfaces. It has also been found advisable to disregard the readings on the 
= 90° turn because the heavy lubricant is ‘ “ironed out” between the shoes 
and the runner place in this turn. Pat 
typical rotation check is shown in Table 1, in which Fig. (b) testifies that 
the axis of the shaft described a circle of rotation. at the lower guide bearing of 
0. 0055 i in. _ The center ey this circle i is 2 mills south and 1} mills west from | the : 


- mills east and west. | ‘The shaft was replumbed so that ‘the final position was 


a 1 mill west and zero mills north and south. 
In a great many installations, the thrust collar is not : an integral part of the 
4 shaft but is shrunk or keyed to the shaft i in the field. — In such cases, & rotation 


check would indicate whether « or ‘not the face of been thrust collar was s set ; normal i 


‘he a normal position and the setting of the ‘Gat shoes “equalized in this 
position. Plumb readings would indicate that the shaft was vertical 
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in the turbine guide bearing. However, in. actual operation 
shaft: would describe a cone; that is, it would wobble v within the turbine guide ' 
q "bearing with an . amplitude depending « on the ratio of the bearing diameter tothe | 
combined length of the e turbine and generator shafts and the amount the thrust 


TABLE Ns FoR A TypicaL RoTaTIon 


Tight Wire Points 


¥ 


NE 


oll 
-0.004 } 
SAT EL 421.0 | 


_ MIcROMETER ReapIncs For REFERENCE Points 


irec- Center- 
ght | “ence | 0° 180° ‘Final 


_ Movement, in Inches 


wires 


Evevation 439.9 Wrre Exvevation 435.0) 
0.495 | 0.5315 0.529 0. 530 0. 5315 0.533 0.533 0.542 0.243 
0.504 5365 | 0.541 540 0.538 | 0.537 i 0.537 0.5275 0.244 
0.492 4 6045 0.6305 0.631 0.6295 0.6305 0.6315 4 0.5945 0.254 
0.499 | 0.576 | 0.5535 | 0.5515 | 0.5535 | 0.553 | 0.551 | 0.588 | 0.255 


Exevation 421.0 Wrre Evmvation 423.3) | 


0.4765 | 0.7615 | 0.759 | 0.759 | 0.7595 | 0.764 | 0.7675 
0.4855 | 0.5985 | 0.6005 | 0.600 | 0.5995 | 0.5955 | 0.5935 
0.7145 | 0.719 | 0.7135 | 0.7135 | 0.7185 
0.744 | 0.740 | 0.745 | 0.745 


__@ These are micrometer readings for the final centering of the turbine and guide bearing (not neces- = 


was set out of normal to the; shaft. otation n check could be on omitted 


collar being of true with the shaft. is rotated in a lathe after 


machining and polishing, and careful throw-out measurements are made with 
dial indicators. 


The slight added cost of an integral thrust collar and shaft i is warranted over ; 7 
of keyed or shrunk hub. ‘integral thrust hub and shaft is easie 
“install and the results are more certain. some installations having shrunk 


hubs, several weeks were spent in alining the 


a 
= 
lat 
| 
tp 
he 
he 0.7705 | 
vas 
the 
1 
nal 
phis 
~ 
— 


ERECTION ‘OF 


In x some installations, much unnecessary time and effort have been spent i in 


-alining or centering a unit to theoretical elevations and center lines. — Deciding 
necessary degree of accuracy requires a certain amount of “horse sense. 
Obviously, i in erecting a a high-head unit with a a steel scroll case, which in turn 
7 ‘unit with a concrete scroll case. In steel scroll cases, especially i in the riveted 
q type, a certain amount of creepage will occur as the plates are assembled to 
the speed ring, making it necessary to field drill the connecting joint to the 
ae In such cases, , greater tolerances | can be allowed than, say, in cast 
a machined | scroll cases where : it is “necessary to meet fixed points. = > 
of 0.001 in. _ per ft of speed- -ring diameter should be the maximum allowable 
deviation from : a true horizontal plane. There are cases in 1 which, in spite of 
all precautions, the rings get out of level more than the amount specified 
(0.001 in. per ft) during the concreting operations. y _ The cover plates and pol 
guide-bearing housing can be adjusted, in such cases, to compensate hell 
added ‘ ‘outage”’ and still hold the e turbine s shaft in vertical alinement. 
The remainder of the turbine p: parts, such as as guide vanes, head covers, 
guide-vane linkages, operating cylinders, distributor rings, etc., are assembled 


= Speed rings are set and held as level as is humanly | possible. : A tolerance — 


as closely to specified dimensions as machined fits will permit. — ’ With the fore- 
‘going suggestions in mind, it is possible to summarize the principal erection — 
tolerances as shown i in Table 2 / 


‘Rios orn GEN NER ATOR 


cases 


Elevation +0. +£0.030 | +0. 010 +0. 030° 

010¢ 


Concentricity 


‘Engineering work TVA under the general of Theo- 


- dore B. Parker, M. Am. Soc. CE, , chief engineer; George R. Rich, M. Am. 
Soc. C. E., 7 _ chief design engineer; A. L. Pauls, M. Am. Soe. C. E., chief con- 
: pene tly engineer; and H. J. Petersen, head of the Mechanical Design Section. 
Tt The writer wishes to express his sincere thanks: and appreciation to 
“many ny turbine mechanics and erectors | employed by the Authority, and espe 
“cially to J. ‘8. Kuzawa, formerly master mechanic, for their ma many ae 
“suggestions ai and instructions in the art of assembling turbines; ;; and to Sam 


associate materials engineer, for conducting the grouting t tests. ot 


connects to: a steel penstock, closer tolerances are adhered to than in a low-head : 


— 
apers 

{ 

i 

— | 

— 
TABLE 2.—Summary or PrincipaAL TOLERANCES, IN INCHES 

0.0014 

th respect to 

— 

— 

— 

4 a 


"AMERICAN SOCIETY OF CIVIL ENGINEERS 


Founded November 1852 


‘FLOOD. FORMULAS ‘BASED -ON DRAINAGE 
BASIN CHARACTERISTICS 


Y H. B. KINNISON,? M. AM. Soc. C. E., AND B. R. Cotsy,* Esq. 


been the subject of constant study engineering profession. The sy 
atic collection of stream- flow records in every section ‘of the United States 
“has contributed immeasurably to a knowledge | of the : subject. The long-time 
records of precipitation assist in extending the frequency ‘studies: beyond the 
‘Tange of stream-flow records. Contributing to this knowledge also have been a 
the disastrous floods since 1927, which in many instances exceeded the maxi- 
mum expected, based on previous records. = 
x In this ‘paper, | flood formulas are developed from stream-flow records of 
Massachusetts streams, for which fairly complete data are available. The 
formulas define the m of flood peaks having probable recurrence 


intervals of 15, 100, and 1,000 years, , and the maximum possible flood. 7 a 
Volumes of runoff pé ‘per unit area, for: the different classes of floods except. 


the maximum were ‘computed for streams having” the longest: stream-flow 


peak from frequency curves of observed and a f obs erved precipitation. 
Th 


e peak discharge | of each type o 
‘Means of the unit hydrograph. Th 


physical characteristics of | ese quations were 
prepared w which are to both gaged and ungaged areas. 
“ These formulas are based u upon pon data for drainage basins i in and adjacent wil 
Massachusetts and therefore are conceived as applicable only to basins of that 


state or basins having s similar physical and meteorological characteristics. The 


formulas might 2 assume a different form i in the case of drainage basins in nother 
sections of the United States. The primary purpose of the paper is — 


_._ Nors.—Written comments are invited for immediate publication © insure publication the last 
discussion should be submitted by August 1, 1944. 
-' Dist. Engr., U. S. Geological Survey, U. S. Dept. of Interior, Bost 


Associate Engr., U. Ss. Geological Survey, U.S. 8. Dept. of Interior, Boston, Mass. 


PAPERS 
ad 
d 
the 
ers, 
4 
ion 
nent : 
° 
Am. | 
con- Vy 
tion. 
— 
the 
Sam 
J 
my 


ane extensive of flood experience which engineers may embody in their | 


knowledge of floods and utilize with some benefit i in problems involving flood 


INTRODUCTION 


_ umerous methods of predicting future flood flows have been developed | 
7 ‘and described in engineering publications. — x Prior to 1900 these methods were 
_ necessarily rather crude, because authentic records of stream flow were scanty 
: and less accurate than later records. Practically all such studies were based 
on observations of flow in small areas or on single streams, and were usually 
; summarized as formulas ‘giving 1 the expected rate of flow as a function ¢ of ‘the 


1913, late Weston E. Fuller,? M. C. published | the 
study of melliods applied to floods in the United 
a ‘States. He developed a formula introducing the concept | of a magnitude- 
frequency relationship, in this respect following a line of reasoning that w as. 
introduced into studies of river flow about the same time by the late Allen 
Am. Soe. C. KE. Mr. Hazen’ application of statistical methods t to 


engineering studies Mr. Fuller’s: adaptation of these methods to flood 


‘prediction have had an important i influence on engineering developments since _ 


Shortly after the Civil War, the late. Maj. E . E. Myers, Am Soe. 
: E., , developed a formula for | computing the cross-sectional area of the water- 


way required to pass a limiting flood. Myers 
from the original. this formula, Q is the discharge 
cubic feet per second, and M is the area in square miles. The base factor Ca 
is taken as 10,000, but for any particular area it is multiplied by a percentage 
which is referred to as the Myers rating. Eq. 1 has had wide application, and 
is discussed in recent engineering publications. 5A, * The reliability of the results 
obtained by it depends upon the choice of the coefficient Cn. i ‘The magnitude | 
of the coefficient selected will be governed principally by the magnitude of the 


‘observed floods in the locality, and by the judgment and experience of the 
g p 


Farther studies have ‘developed a different “approach to the problem. of 
flood prediction, by the so-called ‘ ‘rational” methods. These involve the 
-Telation of rainfall: to the resulting runoff by an analysis of rainfall records and 


tes 3**Flood Flows,” "by Weston E. Fuller, Transactions, Am. Soc. C. E., Vol. LXXVII (December, 1914), 


4""Flood Flow Characteristics,” by C. s. Jarvis, ibid., Vol. 89 (1926), Pp. 985-1104 


Dams,” by National Resources Committee, 1938, p. 32. 


_ 6**Physics of the Earth,” Pt. 9, Hydrology, National Research — Book Co. 
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___ formulas were usually developed for maximum floods, the meager base data 
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corresponding hydrographs, being given to the influence 
of ground water, evaporation, transpiration, shape of drainage area, and other 
factors. _ This method includes studies of the frequency of intense rainfall and 
_ ite distribution over large areas. Reports on the frequency and distribution 
of rainfall having re relation to New England have been 1 made by the Miami 

Conservancy District’ and by the ‘Uz 8. 1 Weather Bureau. 


stream- flow records: have become more extensive and the tabu- 


- lations of extreme floods have increased in value and have made obsolete some 
of the earlier formulas based on very limited or deficient experience. — It is 
nent however, that the much more extensive experience now available 
should be analyzed with a view to expression by formulas of relationships — 
etw een magnitude and frequency of floods as well as of the influence of p heed 
characteristics of basins on the magnitude of floods. ‘Thereby, the ‘maximum — 
utility n may be; given to. the available data which, although ‘much more e plentiful | 
than formerly, oft en have only a rather r remote relation to the the needs of a 7 
specific problem. 
a ‘The “rational” method of approach has been _ extended in this paper. 
“Investigations by the writers have shown that the magnitude. of a flood of . 
particular frequency can be correlated with various physical characteristics of 7 
the drainage basins. _ By means of these characteristics, formulas have been | 
‘developed which are applicable to drainage areas for which stream-flow records — a 
are not t available or are inadequate. 
The common practice in the past has been to use enveloping | curves of = 
maximum known discharge per square mile in the design of hydraulic struc- 
tures. — This: practice ignores the element of frequency, which may have an 
important bearing on the risks involved. — _ This paper undertakes to develop a a 
“basis for a more discriminative method of ‘considering flood magnitudes in 
which consideration may be given both to probable frequency and to the 
‘influence of the various is physical characteristics i in the production of floods. 


be ‘These | formulas should not be expected to give exact or — 


> in results on n ungaged areas. However, they do provide a convenient means of 

mo gata the risks involved in the design of hydraulic structures on streams 
age: in or near Massachusetts even | though the drainage areas may have widely 
ults The writers are under no illusion as to the reliability of deductions that — 
ude - may be drawn as to frequencies of major or rare floods from a record which | 
the Covers: little more than 25 years . Nevertheless, it is is desirable to make an 


; J attempt at such a deduction, and in t this paper the results of a a systematic, 
ie “scientific attempt ¢ are presented. The writers conceive that the specific form 
of the formulas developed may not comprise a substantial or lasting contribu- 
tion to engineering knowledge. However, they hope that the account of the 
| studies and the results may be in such a form that other engineers may assimi- 
- late sc some worth-while ideas in their body of e experience with | consequent benefit ; 


Storm of Eastern United States,” Technical Reports, Miami Conservatory Dist., Pt. 5 


A Report on the Maximum Possible Precipitation over the Ompompanoosuc Basin Above Union 
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Curves oF DISCHARGE FROM OBSERVED 


_ The most logical tie of determining the - magnitude of expected floods — 
is by a study of the frequency and magnitude | of past floods. A frequency 
- curve of instantaneous peak discharges was plotted for each gaging station 
having a sufficient length of record to justify its use. Fig. 1 shows frequency | 
curves for Millers River near Winchendon, Mass., with = years of record, | 
‘Middle Branch of Westfield River at Goss Heights, Mass., with 26 years of 


record; and Housatonic River near Great it Barrington, \ Mass., with 25 years: of 


‘record. In this diagram, the a average recurrence interval i in years is plotted - 


against ones ‘The e average recurrence interval I is com mguten from the 
equation 


“September 1938 
arn Flood Peak 10300 
? Cubic Feet per Second 


| 
March 1936 


Flood Peak 1630 
Cubic Feet per Second 


— Flood Peak 2810 


Cubic Feet per Second 


January 1938 
Flood Peak 3450 
__ Feet per Second 


in Thousands of C 


Discharge. 


in Days 


Norra Nasuva River, NEAR LEOMINSTER, Mass. 


in a which N, is the number of the flood peak in order of size without regard to 
the time of its occurrence, and N, , is tl the number of years 0: of record. “amas 
OW Widely different frequency curves can be drawn from the base data for — 


any | particular station, and extensions of the ie curves to recurrence intervals 
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1 ,000 years are nc not defined because of insufficient length of 
If the floods of 1936 and 1938 had not occurred during the period of record, | 
much different curves might have been drawn. However, by allowing fee 
extreme severity of these floods in certain s areas » the  meaniieda of a a flood 
having an average recurrence interval of ‘15 years (called a 15-yr flood) can 
be determined with reasonable accuracy for many streams. _ Has <4 
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os 


at recurrence intervals of 100 and 1,000 years were ented from a study of 
nit and depths and distribution of runoff. 
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(a) NORTH NASHUA RIVER | NEAR LEOMINSTER, MASS. a 
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Peak of Six-Hour Unit Hydrograph, in 


= 


MILLERS RIVE RIVER aT ERVING, MASS, 


of of Corresponding Flood, in Cubic Feet per Second 


The unit method was used to compute ‘the hydro- 


‘graphs of floods from runoff data. peak discharges were then n determined 
by these hydrographs. 
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*. — As used in n thi paper, the unit hydrograph i is the discharge hy ydrograph of a 
| in. of direct runoff uniformly generated over the drainage area at a uniform 
rate. This” definition is in common use, although it differs from that given 
by W. G. +. Hoyt, M. Am. Soc. C. E., in 1936,° by restricting the term to uni- 
formly generated runoff of unit depth. term, unit hydrograph, usually is 
“qualified by stating the duration of the runoff that generated it. For example, 
a4 hr unit hydrograph is the discharge hydrograph resulting from runoft 
generated uniformly during the period of 4 hours at a rate of 0.25 in. per hr. 
' The unit hydrograph theory usually presumes that the base and ‘shape of - 
the unit hydrograph for a particular point on a _ stream will be the same for 


— 7 


(e) EAST BRANCH OF RIVER NEAR ATHOL, MASS. 


CROSSING, MASS. 


> 


Pe Peak of Corresponding Flood, Cubic F Feet. per Secon Second 


all Seeds where the. runoff generation is ‘uniform ov over the area. _ Differences 


in the unit hydrographs derived from observed floods have been attributed 


No of of Rainfall to Run-Off in the United States,’’ by W. G. Hoyt, Water-Supply 
per No 772, U.8 8. Geological Survey, 1936, p. 124. = 
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FLOOD FORMt Papers 
usually: to the uneven distribution of runoff generation over the area. This j " 
“undoubtedly true of many unit hydrographs derived from observed floods, and 
1 distortion | ‘must be expected. However, studies writers 


2 


a 
= oO q 
52a 
338 
5°35 
d 
Peak of Corresponding Flood, in Cubic Feet per Second Multiplied by a Coefficient ej 
4.—Reiation Between Unit HyprRoGRAPHS AND PEAK Fiows, 
-others!® have dadinntels a definite tendency for the peak of the unit hydrograph fc 
to increase with | an 1 increase i in the magnitude of the flood from which it was " 
200 
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| 


| 
10! 

“Sir “Peak of of Six- Hour Unit -Hydrograph, in Cubic Feet per per per per Sauae Mile 


derived. Several unit. hydrographs for North Nashua River near 


‘Leominster, Mass., are shown in Fig. 2. These curves illustrate the difference ‘ 
:@ between the peaks of the unit hydrographs derived from the higher floods and 
10**A pplication of Hydrology in Flood Control,’’ by G. A. Hathaway, Proceedings, Hydrology 
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"those derived from ‘smaller floods. This tendency is shown graphically in 
‘Wig. 3, in which the peaks of several floods are plotted against the peaks ¢ of the - 
- corresponding 6-hr unit hydrographs. The general increase of unit hydrograph | 
peaks with i increase in the corresponding floods is demonstrated also in Fig. 4, 
in which similar data from several stations are plotted on a composite diagram. 
Each coordinate has been multiplied by a coefficient which would make the 
trend line of each station . pass through a a ‘point whose coordinates are 3, 
and 400. In spite of the ‘seattering of the points on this figure, the general 


The peaks of f unit | hydrographs for many ¢ gaging stations in and adjacent to 
Massachusetts were plotted in the manner similar to Fig. 3. ‘The trend for 
some stations is uncertain and it was not defined at all if the ‘observed floods - a 
did not cover a fairly wide range of discharge. — The relation, if it could be 
completely defined, probably would not be a straight line on logarithmic paper 
either for a composite graph or for an individual station. _ The data are in- 
“sufficient to define any trend other than a straight line. However, ‘the data’ 
were sufficient to justify the adjustment of the peaks of the unit hydrographs — 
for the types of floods considered in this study. Extensions of the relation 


curves for extremely large floods are inexact, but certainly are more accurate 


North Nashua River Near Leominster, Mass.) 
Sip Pond Brook Near Winchendon, Mass. 
© East Branch of Tully River Near Athol, Mass. | ai 
River at Gibbs Crossing, Mass. 
x Westfield River Near Westfield, Mass. an 
-— Middle Branch of Westfield River at Goss t Heights, Mass.- 
Hoosic River Excluding Hoosic Lake at Adams, Mass. — 
-Hoosic River at Adams, Mass. 
— @ Data for Floods of a 1938 at Other Stations — 


| 
Flood Peak, in Cut in Cubic Feet pe per ~ mint 
than Tesults obtained by assuming no increase in unit hydrograph peaks wit with 
increase in the size of the flood. 
_ W. B. Langbein," Assoc. M. Am. Soe. C. . E., has shown that the peak of _ 
 1“Channel- Storage and Unit-Hydrograph St die ” by W. B. Langbein, 7’ tions, Am. Geo- 
physical Union, Pt. 2, 1940, pp. 620-627. 
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as expressed by the S- -curve, ‘increased with a in 


was from the ‘recession cur curve by t the Mr. Lang- 
“ad bein for different floods at each of several g gaging stations, and for the flood of 
_ September, 1938, at several other stations. 7 Fig. 5(a) shows the relation 
sas the lag time and the peak | of the unit hydrograph. In Fig. 5(6) the 
lag time, in hours, for different floods at seven gaging stations is - plotted 
against ‘ie peak discharge of these floods. The > tendency for this lag time to 

decrease brag an increase in size of flood peak, in cubic feet per second p per 


<4 


floods at stations, Thus, Fig. 5 confirms the increase in the peak 


a In order to use the frequency curves of precipitation i in a study of the 
“frequency o of peak discharges, the use of frequency curves of depth of runoff i is 
desirable. . Although a a relationship exists between precipitation a and peak 

_ discharge, a much closer 1 relationship exists between precipitation and the 

3 volume of runoff which is usually expressed as a . depth i in inches over the basin. 

: Once this correlation between precipitation a1 and depth of consequent runoff i is 
established, the frequency of a given depth | of runoff can be computed from. 

ad “i the frequency curve of precipitation. - When the depth of runoff for a flood of 


certain frequency i is known, the discharge hydrograph can be computed by 


5 means of the unit hydrograph. 
To establish the relationship | betw een 


j 


each of three areas was: plotted against the corresponding precipitation. -" The 
: depth | of runoff was determined from stream-flow | records, a and d precipitation 
records published by the U. Weather Bureau were used. From these 
plotted points and a general consideration of ' the probable limits po distribu-_ 
tion of runoff factors, a probability table was prepared. showed the prob- 
ability of a given depth of runoff being generated by any given depth of 
ihe Frequency curves of precipitation used in this study are shown in Fig. 6. 
The frequency curve of 24-hr precipitation was included only as an aid in 
| ae defining the curve of 72-hr precipitation, for which the data are less complete. 
7 These curves are based on data for precipitation at a point, from “Rainfall 
Intensity- Frequency Data’? and “Storm Rainfall of Eastern United States. 
The e upper | ends’ of the frequency curves are based on the maximum precipita- 


~ tion as shown in the Miami Conservancy Report of 1936; the maximum pos- 


ss 12 “*Rainfall Intensity-Frequency Data,’’ by David L. Yarnell, Miscellaneous Publication No. 204, 


“Storm Rainfall of Eastern United States,” Technical at Reporte, Dist., Pt. 5 


(revised), 1936, 38 and 40. 
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unit hydrographs si 

the time by which the Center of mass OF discharge lagged behind tne center of R 

mass of runoff generation. ‘Runoff generation” as used in this paper is 

- 4 7 __ fined as the origination of direct runoff, and “‘direct runoff’ is that part of th of 
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sible precipitation on an area of 100 sq miles as given in the metestente 
Report of the Weather Bureau in 1940;“ and the maximum point. rainfall of the 
northeastern United States from unofficial records as indicated by an extension 
of a curve in the Ompompanoosuc Report." ' These maximum amounts of 7 
precipitation are plo tted at arbitrary recurrence intervals of 10,000 or 100 ,000 
years t to provide | some basis for an a of the e frequency curves. 


= On 


aH 
24- 


0.001 100 
Percentage Probability of Occurrence, in a Year 3 

Fie.” 6.—Frequency OF Seve ENTY-T'wo Hour PRECIPITATION FOR BaASINS-IN 

‘The frequency curve of precipitation in 72 hours was assumed to be ap- 
plicable to drainage basins” in Massachusetts, although certain assumptions - 


Precipitation, in Inches 


had to be made in drawing it. 7 The upper end of the curve was drawn to Tepre- 7 - 


sent frequency of precipitation on drainage areas of 100 or 200 sq 1 miles. 


10 


Depth of Runoff, in inches | 


erage recurrence intervals of 100 years or less, the curve is based m more or 


less directly on observations 3 of precipitation at a point, so that it does not 
apply y exactly to precipitation over the actual drainage area. The difference - 


4“A Report on the’Maximum Possible Precipitation over the Ompompanoosuc Basin Above 
illage, Vt.,”” U. S. Weather Bureau, 1940, Table VI (unpublished). ad 
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4q between point and areal precipitation probably is ‘not great on drainage areas 
_ of less than a fe few hundred d square miles and for average recurrence - intervals 


“not longer than 100 years. _ Probably the err error or from | using the ‘same curve of 


pet ow in using » the duration of 72 hours for precipitation on all basins. a 
_ The frequency curve of 72-hr precipitation | was combined with the prob- 
ability — which showed the Se of a given depth of runoff being 


coenenee Extensions Beyond Data, in 


Ompompanoosuc 


84 Hours 
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| | 


0 
in § uare Miles 


generated by any | given | depth of precipitation, and a ticiiatii curve of depth 


runoff obtainer This curve is shown as curve D in Fig. 
_ Frequency ‘curves of depth of runoff were prepared for ‘ten streams in 


‘Massachusetts. They have the same limitations as frequency curves of dis- 


charge, to shortness of record. of these areas are widely 
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continuous record of a length equal to the sum of the three individual records. 7 


These areas are Taunton River at State Farm, Mass., Priest: Brook near Win-— 


chendon, Mass., ‘and Middle Branch of W estfield River at Goss Heights, Mass., . 
whose combined length of record is 69 years. C Curve A in Fig. 7 is the frequency — 
‘curve for this combined record. On the assumption that floods of the : magni-— 
tude of those of March , 1936, and September, 1938, on the Middle Branch of _ 
Westfield River and Priest Brook might not have occurred during the p period -_ 
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| - — Extensions Data, 
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Report 
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WITHOUT SNOW MELT 


100 200. 50000 600700 
Ow 


of tecord, these have been “omitted in determining frequency curve B. The q 
floods o of 1986 and 1938 on Taunton River at State Farm were not exceptionally 


: » ta A and B differ widely for the he larger recurrence intervals, and il illus- 
te the possible influence of one or two extremely large floods in a compara- 


ily sh short of of record. d. These curves represent esent the probable extremes" 
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of a curve. D shows lower depths of runoff at short 
ss reeurrence intervals because some winter storms having less than 1.5 in. of 

precipitation were followed by a as much as 2 in. of runoff. ee ae 
‘The depths of f runoff a at recurrence intervals of 15, 100, and 1,000 years 
were estimated from.curves A, B, and D. ni These depths y were used later, with 
assumed time distributions of the runoff, to compute flood peaks. _ After a 
_ study of these peaks, the depths of runoff were revised slightly, and curve C, 
‘Fig. 7, represents these revised depths; = 
| 


= 


a In the e report of the Ompompanoosue ] Basin i in | Vermont, . * maximum 1 possible 
rates of precipitation during both s summer and winter storms and the maximum 


possible rates of snow melt w ere computed. _ Fig. § 8(b) was prepared from that 


. —_— ¢ Extensions from data shown in that report are indicated by dashed 

“Hines. ¢ One extension is from rainfall on a drainage area of 100 sq miles to 

_ rainfall. at a a point. The estimate of maximum 1 rainfall at a point was was also 
taken from that report. ai The extension from a duration of 48 hours toa 
duration of 72 hours was determined by logarithmic plotting, a ag 
aie =] Fig. g. 8(a) shows the maximum possible winter rainfall"*® plus the maximum 
possible snow melt.! Extensions | beyond the data available are indicated by 
dashed lines. The maximum possible quantity of water accumulated as ice 
and snow was estimated to be 10 in. on a drainage area of 1,000 sq miles and 
16 in. on a drainage area of 10 sq miles. The detailed basis of the estimates is 
not | given herein; but, during the time that stream-flow records have been 
collected, as much as 6 to 9 in . of precipitation have accumulated as ice and 
snow on s¢ some drainage basins in Massachusetts during winters when the total 


entimated by as much as 6 in., the computed peak discharges for the maximum 

winter floods would be less than 10% too large for most of the drainage basins 


— To any one who has not studied snow melt and ‘amount of ‘precipitation 


accumulated as ice and snow on the basis of the maximum possible limits of 
occurrence, , the limits used in ‘preparing Fig - 8(a) may seem too large. iby 
i “maximum possible”’ is meant not the maximum that should be ‘expected, but 
the maximum that could not be exceeded under any possible, even though very 


- 


unlikely, ofcircumstances. 
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The peak discharges 0 of certain defined types. sof floods have been determine 


aes for several streams for which a adequate « discharge records are available. - This 


Ve 


_ 16**A Report on the Maximum Possible Precipitation over the Ompompanoosuc Basin above Union 


Bepth of Runoff, in Inches 


| 


| 


ee 


Papers 
fi 
4 
— a 
f 
tt 
= 
— 
— 
Al 
— 
Ol 
ote 
— 
— 
— 
— 
— 
a 


March, 1944 
hort "was accomplished by determining f for each basin the depth of runoff in inches _ 
. of for each type of flood, assuming a distribution of this runoff, and computing — 
the flood hydrograph by means of the unit hydrograph. pint 
ears — Mt inor Flood Peaks.—For the purpose of this paper, a minor flood is defined 
with @ as an & »oproximation of : a flood which would be equaled or exceeded on an 
er a average of once in 15 years. The depth of runoff for a iainor flood has been a 
eC, found to be fairly uniform for drainage basins in Massachusetts. However, tS 
the depths of runoff do vary with physical characteristics. The best oe 
tion of f depth of runoft is with mean n altitude above s sea a level. __ This relationship — : 
sib 
men 1. Taunton River — Composite 
ashed Ware River—Composite Record 
shed 6. Swift River at West Ware, Mass. 
les ¢ i 7. Westfield River Near Westfield, Mess. d } 
ont 18. Middle Branch of Westfield at Goss Heights, Mass. 
also |9. Housatonic River Near 
Great Barrington, Mass. 
toa 10. North Branch of Hoosic River at 
| North Adams, Mass. x 
imum 
as ice 
400 600 800 10001200 1400 1600 
OR EXCEEDED ON AN AVERAGE OF ONCE IN 
e total mean altitude above sea level. TI The points were obtained from frequency 
How- curves of depth of dayne for drainage areas having about twenty-five years of 
e over ‘record, except No. 10, which has eight years of record. To make this rela- _ 
aimum tively short record comparable to the longer records at other stations, it has 
basins been adjusted by the proportion which the frequency curve based on the last 
a aight years ofa longer record bears to a curve based on the ‘complete ‘record. 
itation “Although th the points scatter, and t the relation | below a an altitude of 800 ft is not 
mits of | defined, the runoff definitely increases w ith an increase in altitude. The runoff. 
for Swift ‘River a at West Ware, M ass., appears low in comparison with the other 
weal records, and was given very little weight in determining the correlation. . The 
gh very @ increase in runoff with an increase in the altitude of the basins may be attributed 
«g to factors other than th the altitude, such as soil types, land slopes, and tempera- a peu 
ture, but these factors | probably correlate fairly well with altitude. 
_— , “The surface area of lakes, ponds, and reservoirs within a basin correlated 
ieee to some extent with depth of runoff. No other correlation between depth | of — 
.. This From the foregoing data, and Fig. 7, the final equation for | depth of runoff — 
_ i in which D is depth of runoff in inches; a is the water surface of lakes, ponds, 


ind reservoirs expressed as a percentage of the drainage area; and E is the 


— 

= 

“= 
pi: 
— 


- difference, disregarding negative “quantities, between ‘the e average al altitude of 
basin i in feet above mean sea level and 800 ft. 
- -_. _ The depth of runoff for a 72-hr storm was distributed b by successive 6-hr 
-theaaiag of 3%, 5%, 5%, 10%, 10%, 20% 34%, 10%, and 3%. Fors some 
areas, the 12-hr period covered by the two largest 6- hr increments was sub- 
divided into 2-hr increments, 2%, 6%, 12%, 247%) 8%, and 2% of the total 
a depth. ‘assumed runoff pattern” has been determined from a study of 
7 ¢ _ precipitation and discharge records of ‘Massachusetts and near- r-by areas, and 
s study of the distribution used | by the Corps of Engineers for design | floods. 
_ _ Peak discharges computed from the « depth-of-runoff formula and 1 the dis- 
tribution for 72-hr runoff were in agreement with the peak discharges of 15-yr 
floods obtained from frequency curves of peak discharges for those streams 
where these curves were well defined. — The runoff, however, should not be 
presumed to follow the assumed distribution for any particular storm; nor 
should the e depth of runoff | be considered a representative 1 value for 15-yr floods. 
On drainage basins having sharp flood peaks, the depth of runoff occurring i in 


72 hours urs may have little ciated _ for the the lanai flood deal may follow 


RHODE 

| Lip hed | 


short, intense periods: of ‘rainfall. Depthe and distribution of runoff, as used 


z _ in n this study, are interdependent. _ The depths of runoff which have an average 
Aara recurrence interval of 15 years may not be the same as the : average depths of 
runoff associated with peaks of 15-yr floods. The distribution used here is 
only a for all basins, of omenting. depth of runoff to discharge 


_ hydrographs h having peaks — may be expected to occur with the same fre- 
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orp unit hydrographs ' to the 6- hr increments of depth of runoff assumed 
for the storm, , and a base flow of 1 cu ft p per sec per sq | mile was included. fa The : 
peaks are lis listed i in Table 1 (and Fig. 10) together with the peaks of other classes 7 


of floods and the physical characteristics of the basins. 
e ajor Flood Peaks—A major flood is defined | as an approximation of a 
‘flood that would be equaled or exceeded on an average of once in 100 years. 


The final equation for aad een of runoff was determined to be: 


The effect of lake and reservoir ails on the major floods as compared with 


minor floods was assumed to be slightly greater as measured i in inches but to be 
considerably less as measured in percentage of the depth of runoff, and the -. 
effect of mean altitude was assumed to be the same as for minor floods. a) 

mn A slightly r more concentrated runoff distribution was assumed for the e major — 
flood than for the minor flood. - ‘Successive 6-hr increments of f 2%, 3%, 5%, 
10%, 10%, 20%, 38%, 10%, 2 and 2% of the depth of runoff were used. - For 
some areas, the 12-hr- period covered by the two largest 6-hr increments was 
subdivided into successive 2-hr increments of 2%, 6%, 12%, 25%, 10%, and 
3%. The discharge hydrographs for major floods on all streams were computed .. 
by the unit hydrograph 1 method, and the peaks are listed in Table 1, Cols. oa 7 
16. A base flow of 1 cu ft per sec per sq mile is included. 
" Rare Flood | Peaks. —A rare flood is defined as an approximation of a flood 
‘that would be ‘equaled ¢ or exceeded on an average ¢ of once in 1 ,000 years. The 
depth of runoff for rare floods was computed from the equation: =f ae 


4 


iw 


The first ‘term on the right-hand d side of qs. 4 4 adie: 5 was wii on curve C of 
Fig. 7. é The effect of lakes and ponds on rare floods was assumed to be slightly, 
greater than their effect on minor or major floods; and the effect of altitude on 

on floods was assumed to be the same as its effect on other classes of floods. 

Successive 6-hr increments of runoff of 2%, 3%; 5%, 8%, 10%, 20%, 40% 
10%, and 2% of the total depth of runoff were used, and for some areas the 
two largest increments were subdivided into susseasive 2-hr increments of 2%, 
1%, 12%, 27%, 10%, and 3%. For rare floods the discharge hydrographs" 
were computed by the unit hydrograph method in the same manner as for 
‘minor and d major fi floods. geen pipe peaks are listed i in Table 1 and are 


highest flood that have observed on streams in 
“Snee stream-flow records have been collected. The computed figures seem 
‘onsistents with the observed depths of runoff and the observed peak discharges. ; 
‘During the flood of September, , 1938, the depths of runoff and the peak dis- ¥ 


Floods of 1938,” Water Supply Paper No. 867, U. 8S. Geological Survey, 1940, 


7 — 
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charges at gaging stations in the Millers River Basin except Moss Brook, and 
the Ware River Basin except Swift River at West Ware, were approximately 
same the and peaks which were computed for rare floods. 


f Peak DiscHarGeE‘| Pays 


Outlet, of drainage Years 
Cuft} pate |. 
| 


North Nashua River near Leominster, Mass. . ia | 16,300 3-18-36 } 
Concord River below River Meadow Brook, at Lowell, Mass.. 3 3,790 
Ipswich River near Ipswich, Mass ; 2,610 
Aberjona River at Winchester, Mass 
Charles River at Charles River Village, Mass ®@ bore 
| Neponset River at Norwood, Mass 
| Taunton River excluding Assawompsett Pond, at State F pOARaS Pre), 
Wading River near Norton, Mass 3B 1,030 
Blackstone River at Worcester, Mass ‘ | 2,520 
Blackstone River at Northbridge, Mass 
Blackstone River at Woonsocket, R.I..... --| 11 | 15,100] 7-24-38) | 
Quinebaug River at Westville, Mass.. 
Sugar River excluding Sunapee Lake, at West Claremont, N. H.. ) 114,000 | 3-19-36 | 
Ashuelot River near Gilsum, N. H + 5 9-21-38 
Ashuelot River at Himadale, IN. vee 3-29-20 
Otter Brook excluding Granite Lake, near Keene, N. H.. ia d 9-21-38 | 
Otter Brook excluding Granite Lake and Ellis Rese rvoir, near er Caen Ee 
Keene, N. H | 6,13 9-21-38 
South Branch of Ashuelot River at Webb, near Marlboro, N. H..|_ , 4 -21 = 


9-22-38 | 
9-21-38 
9-21-38 | 
Se 9-21-38 | 
Moss Brook at Wendell Depot, Mass 3-19-36 
Deerfield River at Charlemont, Mass 9-21-38 
River excluding Harriman Reservoir, at Charlemont,| | 
21-3 


Mill River at Northampton, Mass. ‘+ ] 

Ware River at Cold Brook, Mass. a 14 000 
Ware River at Gibbs Crossing, Mass 6 _ | 22,700 
Chicopee River at Bircham Bend, Mass. . es ye 

Swift River at West Ware, Mass 

Quaboag River at West Brimfield, Mass 

Westfield River at Knightville, Mass 

Westfield River near Westfield, Mass 

Middle Branch of Westfield River at Goss Heights, Mass.. 

West Branch of Westfield River at Huntington, Mass... . 

Scantic River at Broad Brook, Conn 

Farmington River excluding Otis Reservoir, near New Boston, 


a 
: 


18,500 
Burlington Brook near Burlington, Conn 
Hockanum River near East Hartford, Conn... 5,160 
Housatonic River at Coltsville, Mass x i= 
Housatonic River near Great Barrington, Mass 2! ,500 
Hoosic River excluding Hoosic Lake, at Adams, Mass ‘080 


North Branch of Hoosic River at North Adams, Mass. 2 9 ,980 


7“ Years at in the study of flood peaks. Maximum kn 


‘The maximum ial discharges and the computed peaks | of rare floods 


plotted i in Fig. 11, which shows that on many streams the rare flood has 


‘not been remotely approached 


= 


b 
— 
TER 
x 
— 
Now} 
1 124 
| | 2 23.4 
3 183 
6 
30] 
139 
— 
20 
— 
71. 
— 24 
5 
18 
= 186 
21 | Millers River at Sou 
23 of 
24 
85 
99 
30 
31 
ig 35 
36 
38 
43 9-21-38) 
44 9-22-38) 
— 46 7-27) 
ji 4 
a Week, @ See Fig. 10. 
i 
are 


Mazimum Flood Peaks.— rool maximum flood i is 3 the computed fi flood that — D. 


most pattern, the losses from. | and infiltration being a 
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24CTERISTICS Computep Fioop Peaks 1n Cusic Fret PER SEconpD 


‘From Flood F Formulas = From Unit 


Maxi- 
mum 


10,600 | 18,000 | 63,900 
7,490 | 12: 47,200 
| 6,050 | 24, 600° 
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12,400 

2,070 | 5,500 
3,850 8,980 
8 310 20,700 
5,450 | 9,400 
6. 11,900 


ao 


\, al the discharge occurring in accordance with a unit hydrograph 
faving an extremely high peak. The maximum flood 1 (if it occurs during the 
"ater) j is a aaa computed flood which is based on the additional a assump- 


pers 285 
and 
— 

(oq miles) | (Ft) | (%) 
| | 90 
341 
870 
3| 1,225 — 
)| | 984 
;| 378 | 690 
260. | 2,180 5,280 9,320 | 34,600 | 2,440 | 4,990 | 7,920] 29,700 | 20 4 
186 3,680 | 9,000 | 15,900 | 55,800| .... | .:.. | 
| 370%) 498 7,150 | 19,000 | 32,000 | 106,000 | 9,100 | 18,700 | 29,100 | 91,800 | 22 
| 1) 800 | 1,720 | 3,020 | 12,600} 900 | 1,860 | 3,150 | 16,000 | 23 
| 1,660 | 2,670 | 10,800 940 | 1,930 | 2,960] 12600/24 
| 430 2,120 5,350 | 9,260 | 34,000 | 2,380 | 4,990 | 8,240 | 30,900 | 25 
343 _ 700 | 1,800 | 3,040 | 12,100] 740 | 1,400 | 2,270] 10,900] 26 
1,446 40,100 | 60,200 | 97,100 | 326,000] .... | . 
| 1,192 | 23,400 | 35,700 | 61,400 | 212,000} .... | .... 
| 9,890 | 17,500 | 30,300 | 107,000} | | 29 
| 868 6,690 | 13,800 | 22,500 | 79,600] .... 
| 730 3,950 | 8,860 | 14,900 | 53,700] .... | 
S| 100 315 2,550 | 6,450 | 11,300 | 40,800 | 3,620 | 7,490 | 11,900 | 42,700 | 32 . _ 
33 | 201 510 4,420 | 12,200 | 19,500 | 65,700 | 5,720 | 12,000 | 23,400 | 83,800 | 33 : a 
38] 702 668 14,900 | 36,400 | 60,500 | 193,000 | 13,500 | 34,000 | 61,600 | 227,000 | 34 : a 
36 is 410 3,980 | 10,400 | 17,300 | 59,500} 5,070 | 11,400 | 19,100 | 64,700 | 35 aa 
38 | 460 3,380 | 9,410 | 15,400 | 53,300 | 1,930 | 4,080 | 7,960 | 37.300 36 
3g | 162 966 12,700 | 23,300 | 38,800 | 133,000 | 14,700 | 27,500 | 41,700 | 112,000 | 37 
38 | 497 1,075 30,900 | 55,700 | 93,600 | 305,000 | 57,000 | 69,700 | 111,000 | 292,000 | 38 Sr. ion 
38 | 998 6,620 | 11,600 | 18,800 | 67,900 | 6,490 | 12,100 | 21,100 | 82,100 | 39 
38 | 93. 1,020 - 9,900 18,600 | 31,200 | 112,000 | 7,780 | 14,700 23,100 | 77,900 | 40° a 
387 2,750 | 6,760 | 11,200 | 40,100] .... 41 
33| 75) 728 21,900 | 78,000 | 7,440 | 14,400 | 24,900 | 92,900 | 42° 
38| 5 648 15,700 | 56,200] 4,240 | 7,780 | 12,000| 38,800 | 45_ a 
38| 712 33,200 | 109,000 | 9,920 | 18,300 | 29,300 | 81,300 | 
38 860 17,000 | 63,300 | 4,300 | 7,680 13,600 | 71,700] 47 
27\ 965 21/300 | 78,500 | 5,180 10,000 | 16,400 76,700 480 — 
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e largest possible water content in accumulated snow and ice, the 

fastest rate of melting, and the worst combination hie snow melt and precipi- 


Increments of maximum possible precipitation summer storms were 
taken from Fig. by 6 6-hr periods for each drainage basin. ~The maximum 


q 
4 
4 
4 


4 j 11. —Rare ‘Froop PEAKS 


increment was subdivided into 2- hr for the four : 
flood | hydrographs have the sharpest peaks. The 6- hr increments ere 


arranged in the order v which would produce approximately the highest flood 
peaks. The largest increment was preceded in order by the second, fourth, 
sixth, eighth, tenth, and twelfth largest, increments. T he largest increment 


was followed in order by - the third, fifth, seventh, ‘ninth, and eleventh largest 


When precipitation of high intensity falls on saturated soil, the losses by 


“maximum j possible may not sufficient factors of safety, or ‘the assumed 
- distribution of the precipitation may not be that distribution which would 


cause the highest possible peak discharge. - For these reasons a runoff factor _ 


aad — Increments of winter precipitation plus snow melt were taken from Fig. 8(a) 


by 6-hr periods for each drainage basin. These increments were arranged to | 
precede a and to follow the maximum increment i in an order similar to that used 
for the maximum possible s summer storms. A runoff factor of 100% w was used used 


— i 
— 
— 
; 
— 
| 
| 
— 
14 
7 
— 
ae — 
— 
— 


inage basins in 1 the Providence, Thames, and Connecticut river 


a 

--yalleys. 7 Some appreciable loss by infiltration and evaporation must occur on 
“the coastal basins, from which the discharge is slow. For these basins a 

, runoff factor of 90% w: was assumed to be the maximum | possible » for winter floods. -_ 

«Unit. hydrogr raphs w were. determined and the peaks of the maximum \ floods were 

in the same general way ai as those for the other classes of floods. 
flow of 2 cu ft per sec per sq mile was added to the computed net peaks of f both 
the maximum winter and the maximum simmer flood peaks. The lower one _ 
_of the two computed peaks for each basin was discarded from further considera- 7 

tion, and the higher one was listed in Col. 16, Table 1 1, The maximum summer 
flood was higher or almost as high as s the maximum winter flood for all drainage | i 


basins: except the Concord River below River Meadow Brook, at Lowell, Mass., 
the Ipswich River 1 near Ipswich, Mass., the Charles River at Charles River ’ 
Village, Mass., the Taunton River excluding Assawompsett Pond, at State 7 
‘Farm, and the Millers River at Erving, 
e The maximum flood, as the term is used in this paper, is entirely different 
from a design flood or a maximum probable flood. It is that computed flood — 
- whieh i is expected to equal o or exceed the flood resulting from the worst combina- i 


tion of flood-producing conditions. contains factors of safety for the 


and effect and the physical limits: of natural hydraulic phenomena. Any 
design based on less than the maximum flood. peak should be assumed to 
involve some risk. — ‘The remoteness: of the probability that a flood peak even 


adequacy of past records and for i ignorance both of relationships between cs cause 


close to the size of the peak of the maximum flood will occur during the existence _ 


of any structure is indicated by the great difference between the smpeted 
peaks of the rare floods ar and those of the maximum ff floods. 


. The reason for the large ‘size of the maximum flood peak can be shown best. 


by contrasting that — with a flood having the order of ‘magnitude of _ 
- maximum probable flood. _ This flood might follow p precipitation that was 80% 
of the maximum, the distribution might have an effect on the peak which was 
85% of the maximum, the runoff factor might be 85%, and the unit hydrograph 
; might have a shape which would have 75% of the maximum effect on the com- -_ 
/ puted flood peak. This flood would then have a peak discharge which would y 
be about : 45% pf the peak discharge of the maximum flood. A similar r rough 
analysis applied to winter floods would show the peak of the maximum prob- 
able flood to be an even smaller percentage of the peak of the maximum winter 7 


The physical characteristics of more than one hundred drainage basins in 


England were re computed by the personnel of the Wort Adminis- a 


q 


from maps published by the U. S. Geologic Survey: 


Areas —(1) Drainage area; (2) area of reservoir, and pond surfaces; 
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Altitude — —(1) Maximum altitude; (2) 3 minimum altitude (altitude at the 
- outlet); (3) median altitude (altitude at. which 50% of the drainage area is 
higher and 50% i is lower); and (4) 1 mean altitude. 
Slopes.— -(1) East-west land slope; (2) ‘north-south land slope; (3) average 
land slope; (4) slope of principal streams (a principal ‘stream being defined as 
a watercourse that drains more than 10% of the total area of the basin); and, 
(6) ‘slope of tributary streams (tributary streams being defined as all water- 
courses contributing to aprincipal stream), = 
Configuration of Basin and Streams. —(1) Length of principal streams; (2) 
‘Stream density (total length of all streams | divided by the drainage area); 
8): average distance » uniformly distributed runoff must travel to the outlet; 
length of | basin (twice average distance water: must (5) width. of 


basin divided by width of basin); and (7) branch index “of stream 
channels, selected according + to an arbitrary criterion, divided by length of 
: 00 General Type of Vegetal Cover —) Percentage of cropped land; (2) as 
centage of wooded land; and (3) percentage of grass land not cropped. 


The peak discharge of a flood “probably be affected by any large 
change in any one of these basin characteristics even though all the other 
characteristics remained constant; but the change might be very slight. Also 
a change in one characteristic is usually associated with _ changes in other 
characteristics. _ Therefore, as the computed flood peaks ar are not exact and the 
_ relationships among the characteristics are complex, the effect of any particular 
m usually cannot be determined | accurately. Thus, the results of 
correlations may not really represent laws of cause and effect, so the formulas 
may not be applicable to regions | other than Massachusetts or to ranges 1 in any 
of the characteristics which are much beyond the limits included in this . study. 
The correlations show, howe ever, , that changes in certain characteristics were 
eoaiaal in a definite way with changes i in the size of the flood peaks. abel . 
computed physical characteristic was considered. a possible basis 


for correlation equations except the maximum altitude, the minimum altitude, 
the east-west and north-south land slopes. Correlations between 


against the drainage area. A straight line was used to the relation 
between peak discharge and drainage area. . Ther ratio 7; between each pedk 
discharge and the peak discharge which w ould plot on the straight li line was 
od. Correlations of re ratios r; with stream slopes, land slopes, and mean 
aaa above the outlet were e investigated. — Before : any one of these char- 
_ acteristics was plotted against the ratios Ty any correlation between the 
4 characteristic and drainage area was eliminated. ia do this, ‘the characteristic 
3 was: plotted against the drainage area, and & curve showing the relationship 


_ was drawn. vin Ratios re 2 of the departure of the characteristic from this curve 
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points from this curve were computed. Next these ratios r3; were correlated — 
with another characteristic from which any correlation with a characteristic | 
"previously included in the correlation had been eliminated. _ When the remain- 
‘ing ratios 1 no longer showed a correlation with a basin characteristic, the correla- 7 


tions already — found w were adjusted slightly tc ly to m make them fit the base wae date, as 
_ The formulas representing the the best cureletions which were —" are as 


follows: For minor Bow ae 


and for major floods 


for rare floods— 

the percentage that lake, pond, and reservoir surface i is to the total drainage 


area; s is the ‘median altitude of the drainage basin in feet above the outlet; 


Mi is the drainage area i in square 1 miles; and L L is the average distance, in miles, 7 
which water from runoff uniformly distributed over the basin must travel to 
the outlet. _ Thus J M is a measure of the volume of water to be discharged ; - 


sis a measure of the fall of the water; and Li is a measure of the distance that 
the water travels to the point of discharge. In addition, a in Eq. 6a is a rongh 


measure of the effect of storage in lakes and reservoirs on | the quantity 


water discharged or on the shape of the hydrograph. of the 
indicates that a must not be zero. It should always be assumed to equal or 


exceed 0. 05% even though the topographic map shows little or no water surface 
of lakes, ponds, or reservoirs. _ As a is not an entirely satisfactory | measure of 
the | storage, ‘flood flows should be routed through the large lakes or r reservoirs 
or those» w hich have a large portion of the flow passing through them. The © 


absence of a in the formulas for large floods (Eqs. 6b, 6c, and 6d) should not be 
interpreted to mean that lakes and reservoirs have no effect « on the peak dis- 
charge of these floods. — Th hese floods should also be routed through | the larger 


wis 
lakes or reservoirs. * Perhaps no correlation was found because a correlates to 


ome extent. with either L or 8, or the correlation is obscured by the effect of 
er basin characteristics or y inaccuracies in compute: 00 pea —- ain’ 


” The measures of basin characteristics, although the most practicable, are — 


entirely satisfactory. Average § stream and land slopes, altitudes, and lake 


ad swamp areas were used without determining the distribution of them i in . 
basins. Steep slopes on a few tributaries: may increase the average slope: 


‘considerably, yet these slopes may have little effect on peak discharges. 

dopes or abnormally high altitudes in that part of a basin upstream | from a lake ae 

“lay affect, the average land | slope and mean elevation of the basin materially; 


but the lake may decrease the peak discharge so much ‘that the peak outflows — 
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from the lake wo be little different if the slopes ar and 

_ from the lake were greatly reduced. A lake on the headwaters of a flashy 

stream may have no noticeable effect on flood peaks, but a similar lake on the 
4 main channel near the outlet may greatly decrease the peak discharges. Con- 
_ sideration should be given to these facts in the study of any particular basin, 
7 Gener: al type ye of vegetal co cover did not correlate with | peak discharge. Prob- ;. 

ably no correlation sh should be expected in n Massachusetts Ww where little of the 

land is either bare or in cultivated crops and where nearly all of the. ‘basins: 

a have: a large proportion of f woodland. Area of ‘Swamps Ss seemed to correlate 
somewhat with stream slopes, with : s, and with peak discharges. | . However, 

topographic maps based on surveys made at different times usually show 
be ferent swamp areas. — Median altitude usually is about the same as the mean, 

‘ altitude, and the differences between the two did not seem to be associated with 
7 a consistent variation in in peak discharges. — Average Jand slope i isa fairly satis- 
factory measure of topography for use in correlation equations, but it did not 
correlate with peak discharges as well as mean _ altitude above the outlet. 

7 Slopes of principal streams and tributary streams are important basin char- 
’ acteristics, but the division between principal and tributary streams is arbi- 
trary, and _ the average slope of either is not a very satisfactory measure of 
hannel storage or of time of travel to the outlet. Stream density does not 
ss change much from place to place i > in Massachusetts, and the changes which do 

- : occur tend to correlate with land slopes. oN either the branch index nor the 
length of principal streams s seemed to be as good a measure o of the concentration 
characteristics of drainage basins as either the form factor or ‘the average 
distance that water has to travel to the o outlet. Length of basin, 1 width of 

7 basin, form factor, and average distance water has to travel to the outlet are 
all interdependent, and as good correlations can be obtained with one as with 
any of the others. However, the average distance water must travel to the the 

< outlet has a 2 simple § and direct meaning; so it was used Pade ie 

Mean altitude above sea level does not appear in the formulas, although it 
was included in the equations for depth of runoff. However, it correlates 

7 fairly well with s, the mean altitude above the outlet of the basin, so. that by 
- — including s in the formulas, the effect of mean altitude above sea level is not 

- rule accuracy for 48 basins from the f formulas and ai are listed in Table 1 (Cols. 9 
12). Table ‘also. shows the physical characteristies that were used i in the 
final formulas, the flood peaks computed from unit hydrographs, , and the 


- ‘maximum observed or known flood peaks published | by the U. 8. Geological 


| 


- Survey.2!” No: maximum known peak discharge is given if the period of record 


— is short and no large flood discharge from the b basin has been determined. id 
he points for which peak discharges were ‘computed, usually sites of 


gaging stations operated by the U.S. Geological Survey, are shown in Fig. 10. 
ae the map correspond to the numbers given in Table 2: ala : 

a Frequency curves of peak discharge for three streams are given in | Fig. 12. 
: Chirwlis such as these form the best available check on the computed sre dis- 
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charge determined f from » the formulas. — _ However, in n determining the cu curve for 
_ Fig. 12(6), due consideration must be given to the extreme size < of the flood of 
‘September, (1938. ng ‘The frequency ¢ curves shown in Fig. , 12 are are ‘not identical 


‘the formulas are in making the beyond the observed data. 
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nd the Flood peaks computed from the formulas are too high for Quaboag River 
logical at West Brimfield , Mass., because of unusual valley storage in the basin. . The 
slope of the river sutton from West Brimfield upstream to Warren is s steep, 
but for about 10 miles above Warren the stream is very flat. Large | areas in ; 


this part of the valley are flooded at high stages, and the | apanglh thus formed 


intense precipitation sometimes cause two distinct. peak at West 
Brimfield. The first © one is a sharp peak caused principally by the runoff from Bs 
the area | downstream from Warren which i is about 10% of the total. The 


second is a sir ooth, flat peak caused principally by runoff from the area above | 


| 
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The should be used with care on streams the e Ashuelot 


N. H., has no of natural or artificial storage in the 


_ basin, and the e computed peaks a are e consistent with the observed peaks. - Otter 


lot River at Gilsum, N. H., and the Ashuelot at N. H., have 


7 _ observed peak discharges which » are low in comparison with the computed peak 
discharges. Discharge from a smal] part of the Otter Brook ‘tribatary area i 


drainage area above the gaging station near is from Ellis" 
Reservoir. Storage i in this reservoir materially decreases peak ‘discharges at 
the gag gaging 2 station. - Hence, ‘computed peak discharges based on the drainage 
“area exclusive of the area tributary to Granite Lake are too high, and computed | 
"Peak discharges based on the drainage area, exclusive of the areas tributary. to 
Granite Lake and Ellis Reservoir, , are too low. . A lake or rese reservoir like Ellis 


Reservoir probably would not greatly reduce peak discharges if it were simi- 
larly located in a drainage basin having flat slopes, but Ellis Reservoir reduces 

7 the peaks greatly, : and delays the discharge from the s steep slopes of the area 
Similarly, Ashuelot an and other er ponds, » Millen Lake, and unusual quantities 
of storage at some places along the valley reduce the peak discharges of | 
a sie River at Gilsum. — Peak discharges of the Ashuelot | River near its 
mouth at Hinsdale are much below those which might be expected by ¢ com- 
_ ‘parison with the computed peak discharges of minor, major, and rare floods. 
Storage on the tributaries causes some of this difference, but much more of it 
is probably caused by the unusual amount of valley storage along the river in 

_ the vicinity of Keene where the profile of the water surface i is very flat and 
flooding ‘of marshes and low river banks forms a lake at high stages" through 
which about 80% of the total flow of the river must pass. mr 
i: rf The computed peak « discharges are too large if the formulas are applied to 
4 basins: like these which have unusually large amounts of f storage, particularly if 
the basins have steep slopes and hence large a: average. amounts of fall to the 
outlets. — Flood discharges downstream from lakes, reservoirs, and abnormally @ 


large quantities of valley storage ordinarily should be considered as individual | | 


problems. — The inflow should be computed and routed through the storage to 
Point downstream where discharges are ‘Tequired, allowance made 


om be computed with whatever degree of accuracy is required. ” The drainages area 
M can n be readily d determined by planimeter. areas necessary 


on a stream, the basin characteristics, M, a, 


| 


3 and estimating small surfaces by comparison with a set of squares or rectangles 


of known area. Length L can be estimated directly from a map for small 
areas. — _ Large areas, ho however, must be divided into’ small basins, for which the 
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distance of water travel to the point of discharge from the main area can be 
_ measured, and L computed by weighting according to the area of each sub- a 
division. f The median altitude can be computed by preparing a 2 grid, on on trans- 
parent: paper, of squares representing areas of one quarter of a square mile or 
other convenient unit, laying this gr grid | over the topographic map on which the 
basin is is outlined, and estimating the average altitude of the area within each | 
unit or fractional unit of area. _ The weighted average of these units will Lal , 
the median altitude of the total area. The altitude of the o utlet of the — 
is subtracted from the median altitude to determine ‘8. 
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Fra. 13.—Dracram FOR Souvine Ea. . 6c, THE FoRMULA FOR Rare 
to the is a that can be used to determine peak for rare. 


rmally 
ividual 


from which hae 3 were derived i increase, and unit hydrographs developed oie 


small floods should not be used without t adjustment to t to compute | the hydrographs — 
ofmuch larger floods§ = | 


__ Depths of runoff and the typical distribution of runoff can be combined 
vith unit hydrographs to: construct flood peaks that seem reasonably consistent — 7 


with the frequency y and magnitude c of observed peaks. — - Depth of flood runoff 

does 1 not vary appreciably with the size of drainage basin except for maximum 

foods, but it does increase with an increase in altitude, : at least above 800 ue 
and it decreases | with an increase in the surface area of lakes and ponds. andi 


ig Frequency curves of instantaneous peak discharges ¢ or of depths of runoff, 
even though th they are based on 20 to 30 years of record, can be misleading, — 
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weed icy 
per ees of the Connecticut River based on 100 - years of record was changed 
radically by the ‘inclusion of the flood of f 1936." § Studies of frequencies made 
from records | prior to some of the disastrous floods of recent nt years would have 

“indicated that such floods should never have occurred. | 

Flood peaks can be correlated sufficiently well with physical characteristi 


cs 
_ of drainage basins ethos the pea 


ks for ungaged areas more mend 


"storage; nor should they be used for an area outside of Massachusetts lent ; 


7 ‘ormulas of this type which con ain e probable frequency as well as the 
*F ] f this t hi ich ct t ‘th be ble f ll as th 


ge oem of a flood provide a a means of evaluating the chances that a a hydraulic 
structure will fail. Any assumed or computed capacity of a hydraulic struc- 
ture that will handle less than a a maximum flood should be expected to involve 


es some risk, however remote. No measure of probable frequency can forecast 


_oemees interval for this extreme flood were known accurately. oe 


__ Stream-flow records are > inadequate for computing major, rare, and maxi- 

mum | flood | peaks directly, ‘and extensions of these records cannot be made 

precisely. — + However, a reasonable basis has been developed for determining 

these peaks, and the computed peaks should be sufficiently accurate t to be 

in the design of some hydraulic structures. 
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Oe acta was based, ' e determined by the Work Projects "Administration i in the 
Boston office of the Geological Survey, by methods developed by the Division 
of Water Utilization of the Geological Survey, u under the direction of R. W. 
Davenport, ‘M. Am. Soc.C.E., chief. 


The assistance of the Corps of Engineers, U. Army, ta study is. 


gratefully acknowledged. im This agency furnished many studies used in the 
including more than one hundred unit hydrographs, several 

frequency curves, and rainfall distribution and frequency data. gale i 

ae: The material i in this paper is drawn to a large extent from an unpublished 
report by the co-author, B.R. Colby, entitled “Flood. Peaks on 1 Massachusetts 
‘The study upon which this paper was based was conducted by 
Mr. ‘Colby and others in the Boston. office of the U. S. Geological Survey, 
under the direction of the co-author, H. B. Kinnison, district engineer. The 
writers are indebted to McDonald, Assoc. M. Am. Soe. C. E., for assist 
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| 
Formulas i in common use for computing ‘shear and be stresses in n rein- 


- forced concrete beams are ‘based on the assumption that the member i is sub- 

"jected to symmetrical bending without thrust. "The object of t this paper is 

_ to demonstrate the error involved in applying them to members that carry — 

thrust, and to develop general formulas which are applicable to prismatic 

‘members with or without thrust. The necessity fc for such formulas becomes 


upon ‘realization that practically all ‘members of rigid frames are 


subjected to thr ust as well as bending. © 7 The paper provides a new viewpoint 


for the problem of shear and bond stresses in reinforced concrete and i is offered 
or the purp me of pro moting discussion on the problem. 


_ The following letter symbols, adopted for use in the paper, conform essen- 
tially y to American Standard Letter Symbols for Mechanics, Structural En- 
gineering and Testing Materials,* * prepared by a Committee of the American 


Standards Association, with Society representation, by t the 


= area of cross section of ‘steel; 
— 


from the of a section to the fiber with maximum 


~ Bd= part of the depth that defines the distance from the com- 


pressive fiber to the neutral axis; 


; . Notz.—Written comments are invited for immediate publication; to insure publication the last 
discussion should be submitted by August 1, 1944. 


« ? Associate Engr., Bureau of Aeronautics, Navy Building, Washington, D 

1st Lt., Corps of Engrs., U. 8. Army, Camp Joseph T. Robinson, Ark. 
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= part of he: depth that defines the distance from the com- 


ad 


fiber to the compressive steel; 


j = internal moment arm = 1 — 


‘ 


= a proportion of the effective depth (s (eee d) d); _ 7 


= ratio o of steel (compressive or tensile) to the sectional area, of 
ategral defin ed by Eq. 4; 
en integral dened by Ba. 


force acting on tensile reinforcement, , aT being a small increment t of 
such force; 
u = unit bond stress; 


v= total shear; 


= unit shearing stress; 
—_ t=a lateral distance, dx (see - 1 and Fig. 1) denoting an element of 

3 a vertical distance measured from the centroidal axis: = the. ver- 
tical distance between the centroidal a tying in the 


tensile region (see Figs. 1 and 
= a proportion of the effective depth (seed); Giw 


ot. 
of tensile steel, 


7 


- Subseripts and ¢ used with the foregoing nomenclature denote | ‘com- 


— and “t tension, respectively. Subscript m denotes “ maximum.” 


A differential slice of a beam, s ubjected to bending and shear, is shown in 
Fig. 1 with | the forces that act upon the slice." The centroidal axis and the 
neutral axis s coincide. — The distances c, and ¢; are the distances from the ‘een- 
troidal axis to the extreme fibers. The forces acting on the tensile reinforce- 
‘ment are T and T+4aT. Equilibrium of the differential length of the tension 


_bar (or bars) re that the the bond stress 1 u by: 


structural mechanic 
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ae — On any horizontal plane hetween the neutral ayic and + tension steel such 
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n which Qis defined by the integral, 


in which y is from ‘the centroidal a axis. For the illustrated in 
‘Fig. 1, the quantity Q is merely the moment (about the centroidal axis) | of the 


transformed tensile steel area and, hence, is given by 7 oe 


in which A; is the tensile steel a Substitution of ‘Eq. ‘into 3 gives % 


} it & may b “— defined for the beam as 


and S; = — 


-Centroidal A Axis 


‘Neutral sutra Axis = 


to compute the stress in the tensile steel. ‘iiidetiblii 8: tate Eq. 6 gives the 


ntroc a 


following formula for the shearing s stress, “ 


(8b) 
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al The first modulus S, may be divided into the bending moment to obtain the S. & 
my maximum compressive stress and the second modulus may be used similarly _ ae 
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he entdnes of Eqs. 8 depends upon having a knowledge of the section 


‘modulus S,. _ The he following formulas may be derived for S, and Sy 


Since the mney axis is _— the centroidal axis, an equation of moments of 


areas about this axis be written as follows: aligns 


Sin e Eq. 11 gives a linear relationship between A. and Ay, it is a - simple 


matter to eliminate either p. from Eqs. 10. if Ps is eliminate is eliminated the 
formulas for S, and S;become: 


pp usage. may particularly true for designers who work 
fa does not compressive the formula for. Si becomes: 


3 


in which These Ww hhich are in use, are seen to 


2 7 be in exact agreement with Eqs. 8 for beams wi without compressive reinforce- 


ent. When a » beam contains compressive steel, Eqs. give the correct 
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: ré In the es case of a member carrying thrust and bending, the neutral axis and 
: | the centroidal ; axis do not coincide. The centroidal axis always lies within 
the compressive region, as in Fig. 2. The formulas for and 


given | by Eqs. 8, are also to ‘this. ‘case. e. The shear ‘stress v will be 


val 
170 Lb per Sq.in.. 


_Neutral Axis ~ 


abby 
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| 
enon 44 Kips 


7 In order that the use of Eqs. 8 may be clear it may be well to emphasize 


certain, characteristics of the | section of a member with thrust. The 


— 
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) @ steel. This is the shear stress which is of interest in reinforced concrete design _ 4 Pes 

since it is eq] gonal tensile stress. 4 
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axis” (not the neutral axis) . The integral determining the shearing 
stresses in any elastic beam, is always computed about - the centroidal axis. 
For given values of thrust and moment the neutral axis can be located. This 
_ determines the | compressive region. The centroidal axis lies at the center of 
gravity o! of the transformed area which includes the total transformed steel 
area as well as the area of concrete in compression. | Any’ change i in the value 
of the thrust or moment changes tl the location of the neutral axis. This 
; changes the transformed area and hence. changes the location of the centroidal 
axis. _ More specifically, all of the flexural properties of the section (the trans- 


formed area, the neutral axis, , the centroidal « axis, the section moduli, and wih 


“The ¢ case that occurs most pat ete is that of a meet with constant thrust 
from end to end. . The moments vary along the span and hence the eccen- 
tricity | of the thrust varies along the ‘span. This ‘means that ‘the “flexural 
"properties vary alo along the span. If the lo loading on na beam is changed, the 
- will change, assuming that the change 


in loading produces a change | in the 
‘moment or thrust at the given 
Due to the complicated algebraic 
relationships. which arise in a "stress: 
analysis of a reinforced concrete mem-— 
ott ber with thrust and bending, it is gen- 
erally found convenient to use trial- 
methods. The neutral 
| be located and the flexural prop- 
determined in order to ‘estab- 
iy the allowable compressive stress. 
n accord with the 1940 Joint Com- 
mittee Code.‘ ‘convenient proced- 
ure for making this stress analysis: 


was presented 1942.5 Such an 
a Be yields the section modulus 


4 Kips per Foot © 


St which is required in Eqs. 8 for 
vand u. An example will 


illustrate t the significance of the shear- 


2 Fie. 8 shows a prs of a member subjected t to an eccentric fies of 44 
_kips and a shear of 47.5 kips. Since the | process of | locating the neutral axis 
and computing t the normal stresses i is well known these values are show n with- 

discussion. The moment of inertia of the section may be 


Practice and Standard Specifications for Concrete and Reinforced Conerete,” 
Proceedings, Am. Soc. C. E., Pt. 2, June, 1940, Eq. 17, p. 73. 


5‘*Thrust and Bending in Reinforced Concrete,” by Stanley U. Benscoter, 
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may be computed to be as sshown. The shearing stress diagram is the feature — 


of interest in this example. From the general formula (Eq. 3) it is possible to 
‘compute the shear "stress | at various points within th the ) compressive region and 
thus to plot the shear-stress diagram. This diagram i is of parabolic shape with 
a slight irregularity at the depth of the compressive steel. The / Maximum 
value Ym occurs at the centroidal axis. _ The stress v, which occurs between the 
neutral axis and the tensile steel, is only 43% of the maximum Um. It is this 
stress v which is equal to the diagonal tensile stress and which governs the w 
beam design. . The value of vm is generally of no interest. A dotted line is’ 
“shown i in Fig. 3 to indicate the shear stress that would be obtained from the — 
in the 1940 Joint Committee Code* (or Eq. 15a using j = 3). . The 
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Fig. 5.—Sgcrion MopvuLus AND MoMENT Fie. 6. —Bonp AND SHEARING STRESSES 


ti is of f interest to ¢ construct bond and shear- stress diagrams along a —. 
a ‘Fig. 4 shows a ‘slice, 1 ft thick, of a rectangular conduit with loads 
_Toughly equivalent to the of an 80-ft fill. The: weight of the conduit has 
- been neglected for convenience. Moments in the frame were computed by — 
moment distribution assuming ea each member to have infinite rigidity over its 
‘supports. Only the clear span of the top slab will be used for discussion. The 
Moment in the top yp slab at the face of the support i is found to be 78.1 ft-kips, 7 
the shear is 50 kips, and the thrust is 44 kips. Dividing the moment by the 


‘Recommended Practice and Standard Specifications for Concrete and Concrete,’” 
Proceedings, Am. Soc. C. E., Pt. 2, June, 1940, Eq. 1, p. 52. CT a a 


¥ 
— 
— 
da 
a 
| 
vill 
=" 
ith- 
q 
— 


7 


thrust gives an eccentricity 0 of the thrust equal to 21.3 in. From this informa- 
tion the neutral axis may be lovated and t the section modulus S: found to be. 
535 in? The shear and bond stresses are found from Eqs. 8 to be (using” 
nm = 10): v = 94 lb per sq in. and u = 204 lb per sq in., respectively. — =. 
wu ~ Similar analyses were made at various sections of the member which cor- ore 
~ respond to every 1 in. difference of thrust eccentricity. ‘ The section of oy 3 


Diagrams of bond and shearing stresses are shown in Fi ig. 6. ‘The solid 
im indicate the stresses as computed by Eqs. 8, and the dashed lines indicate 
the stresses as computed from the formulas of the 1940 Joint Committee Code. 
No shearing stress is is shown |! for the shaded region of the beam, since the thrust 


falls within the kern in this r region. . * here is no ) diagonal. tension in this region. 
~ Stress analysis of reinforced conerete is still in serious need of both theo- 

4 ‘retical and experimental to climinate the factors 
rimental: 


Formulas ‘bo nd have been which are 
applicable | to members with or without thrust. These formulas are correct in 
so far as ordinary flexural theory i is s applicable to rein —— concrete and yield 


the commonly used formulas as a special case. 
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HYDRAULIC MODEL INVESTIGATION OF 
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By Maurice N. AMSTER, Assoc. M. Am. Soc. C. 


“navigation locks. Iti is a two-leaf arrangement, comparatively simple i in de- 
sign and d adaptable to convenient means of operation. — In the open position : 
the | two leaves are recessed i in in opposite lock walls with their : faces parallel to : 


the w alls. . For or ‘closure each leaf i is ‘swang about a vertical axis near its down- 
stream. (quoin) en end so 80 tl that the 2 upstream (miter) ends of the | leaves contact at 7 


‘the center line oft the lock ck. The bottoms and the quoin 1 ends of the leaves are ; 


ter gate i is a commonly used type of whailiais for the chamt of 


‘equipped with 1 sealing arrangements that contact floor: 7m* lock walls whes the 


leaves reach their closed positions. — In supporting a water load, the gate acts . 
as a three-hinged arch, with the two -quoin bearings and the miter bearing 


The quoin end of each leaf i is enetid at the bottom by a pintle alte 


| - forming the hinges and the lock walls acting as abutments fer the end thrust. 


aa at the top by a gudgeon assembly. Frequently used types of operating 7 


‘machines are: Hydraulic cylinder and piston, cable and drum, and crank 


a; In the design of machinery fo on the: operation of lock miter gates, it is essen- on 
tial to know, as s accurately a as possible, the p © power | requirements and the loads” 


that will occur on the operating mechanism throughout the cycle. - For lack: 
of better data, , designers in n the past L have had to resort to empirical methods mn 


“usually based u 1 upon arbitrary assumptions as to hydraulic resistance. Me- 


\ “chanical difficulties in operation generally have been avoided by the use anal 


large safety factors. In the design ¢ of ‘the operating machinery { for the ga gates 
of the Third Locks of the Panama Canal, the size e of the leaves indicated that 
‘the forces to be encountered would exceed those in any similar structures in 
‘the past. Because « of the large number of machines required, ‘the use of high 


Nore.—Written comments are invited for immediate publication; to insure publication the last 
should be submitted by August 1,1944. 
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safety factors would have been extremely uneconomical. _ Accor 

“decided | to conduct model tests to investigate the resisting forces that s that might ; 


be expected in the operation of the Third Locks g gates i. =" 7 


_ The mechanism designed for operating the prototype gates is of the crank- 


_and- -connecting-rod type, having kinematic characteristics similar to those 
used i in the exiting Panama Canal Locks but erty in mechanical | details 


Center L 


| 


ymmetrical About 


Ss 


. 1.—LinKacE or OPERATING Aus ProtTotyPE VALUES; 25: 
and arrangement. A large gear v r wheel, driven by two electric 1 motors we#;£, 
trains of speed-reduction gears, rotates a vertical shaft at , practically uniform . 
velocity. _ Acrank is keyed on the lower end of the shaft, and a strut is linked 
to the end of the crank and to the face of the gate leaf. The operating linkage 
_ is shown schematically in Fig. 1. . The crank arm is driven through an are of 
87°59" 31” to move the gate leaf through an angle of 63°26'04”. | The dead- 


center positions of the crank relative to the strut coincide with ihe extrem? 
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ons of the ga gate leaf, an infinite theoretical mechanical 


he model lock, constructed of concrete to a scale of 1 to 25, consisted of a 


gate bay located i in a flume of sufficient length to p ermit simulation of the lock 


= 


31'92! 


is, 4 ¢ | Trine 


96°33" 56" 
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Center Line of Gate L eaf 


ne of Pintle 
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“saad SECTION A-A 
2. —Prorory PE Gate Bay, AND SILL 


of 1, 1125 ft ‘upstream ‘and 625 5 ft downstream. Details of 


- the gate bay are shown in Fig. 2. _ The gate leaves were constructed of an angle- 


‘ron framework enlvanined sheet: metal. Holes bored in in the 
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leaves during ite etl of the water- surface een in the flume. The ro 


position of each Tinkags a to its leaf was displaced 180° about t the vertical 
pintle axis for convenience in the model. . Ans electric motor drove two speed 
reducers with crank arms keyed to their ver vertical shafts. Each model strut. 
‘was pin-connected at one end to a crank arm and at the. ‘other end to an arm 
_ keyed to a vertical 2 alloy-steel shaft 1} in. in diameter. T This shaft transmitted 
the « driving torque to the leaf. 
‘The torque applied | to one of the leaves during operation was determined 
” a by measuring the twist produced i in a reduced section of the drive shaft. The 
“ _ diameter of the reduced section of each shaft was 0.6 in. Details of the mea- 
‘7- — apparatus are shown in ‘Fig. : 4. A hollow cylinder was keyed to the 
_ drive shaft just below the reduced suction, and a horizontal arm was bolted to 
a flange on the top of the cylinder. On another horizontal arm, , which was 

keyed to the drive shaft just above the reduced s section, were mente two dial 
. a gages graduated to indicate linear deflections to the thoussadth of an inch. 
_ The gage plungers were in contact with the arm attached to the cylinder and 
thus were actuated by the relative movement of the two arms. A value ob- 
- tained with this arrangement was not exactly a measure of the twist arc, but 
the. difference between a reading and the actual length of the corresponding 
twist arc was so slight: that calibrations of the reduced section over a Tange 
considerably greater than that of the tests did not deviate e appreciably from 
straight-line relationship. The twist in the section of the shaft below the 
point of attachment of the cylinder was 1 negligible. 
An extension of the arm attached to the cylinder indicated the angular 
= the gate leaf on a segmental scale. _ Instantaneous values 0 « heel 


basis of Froude’s law, as follows 


Numerical stated in this paper are in dimensions. 


The water level in the flume was adjusted to gate leaves to 
the desired depth. Fresh water, only, was used i in the tests s. The « operating 


speed was adjusted by r means ns of the vari-speed pulley arrangement to . complete 
it was established by numerous trials 
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i that, for a fixed vari-speed pulley setting, the « duration of the ey: cycle varied less ; 
7 than 1 sec, other conditions remaining unchanged. — ~The > dial gages were ‘set at 
> the motion- Picture ¢ camera was started, and finally the operating mecha- : 


was s stopped by a Limit switch, and, after allowance of time for the subsidence of 
eddy currents or surges, the operation was — for the : reverse direction. 

believed to maximum resistance in the 
En of the prototype gates were: Synchronous operation of the two leaves, : 
4 submergence of 82.5 ft, upstream chamber length of 1, 105 ft, and downstream 
chamber length of 200 a These, together with an time of 2 min 

(which had been selected ientatbeete) were ‘used as base conditions. The fol- 
lowing conditions were tested to determine their individual effects upon the $ | 
- resisting torque: Nonsynchronous operation (differences i in starting time of the 
two leaves from 0 to 20 sec), -submergences from 45 to 82.5 ft, , upstream | cham- 7 
ber lengths from 300 to 1,105 ft, operating times from 1.75 to 2. 75 min, - ; 


gate-leaf weights— —2,000 and 2,400 tons, and single-leaf operation. 


Test 


Leaf Angle, in Degrees 
30 


does not — single-leaf tests, which p only 
The results of base tests “repeated throughout the testing program are 
Bot etry in Fig. 5. _ Operating conditions were ‘maintained identical for the 
_ base tests: Operating time, 2 min; submergence, 82. 5 ft; upstream length of 


chamber, 1,105 ft; and downstream length of chamber, 200 ft. _ The extreme 
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natin from average is s about 1, 500,000 lb-ft or 8.1% in the }e opening opera- 
_ and about 500,000 lb-ft or 3.8% in the closing operation, = 
‘The effect of speed variation is shown i in Fig. 6(a), and the effect of variable 
bia depth is shown in Fig. 6(b). 7 With the relatively short chamber o on 
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24 2 32 36 40 44 $6 
Lest Angle, in Degrees from Open Position 
‘Fra. 5. 
one side of the gate, variation of the length of the chamber on the other side — i 


had.no appreciable effect on the > torque for lengths greater than 625 ft. Curves 
_ similar to those in Fig. 6, for these variations indicated that the effects of ¢ cham- 
_ ber length were of minor importance compared with those of speed and 

—_ Likewise, the e! effect of an increase of 20% in leaf weight was not sufficient 

to be revealed by the model tests. The addition of weight increases the me-— 


chanical frictional resistance and the inertial resistance to acceleration, but 
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“torque necessary to accelerate the leaf at peak- torque position would 


8, 000,000 « 0.00019 = 39,500 lb-ft. Since the peak torque values in the 
opening operation of the base tests ranged from 17,000,000 to 20,000,000 lb-ft 


(Big. 5(a)), the inertial component only ‘about 0. 02% of the total. 


Opening Operation 
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«Wig 7 demonstrates th that th the » torque was lowered considerably i in the vi- 
tity of the peak values by delaying the starting of one leaf. It is s observed 


that 4 20-sec reduced the peak values about 50%. of 
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"required the greater peak of operatin 
Prior to the initiation of the model tests just described, tests had been con-— 
ducted on a ‘miter gate of the existing Panama Canal Locks to obtain data 
from which approximate load values for Third | Locks gates could be e derived | 


for preliminary design purposes. Because of. ‘the availability ¢ of these data, 


necessary alterations, ‘for verification tests 0 on n the operation of the gate of ‘the 
' existing locks. . The g zate pintles in the Third Locks, as designed, are farther 
apart than ‘those in ‘the existing: locks, but to -simplify the alterations, the 
locations of the ne pintle bearings in the wkd Ww ere not changed, and a scale 


ratio of 1 to 18. 813 was obtained for the verification tests. _ Space limitations 
“prevented. model reproduction of the lock-chamber lengths upstream and 
downstream from the prototype gate. 
The tests conducted « on the prototype gate of the existing locks consisted of 
measurements of power input to the driving motor of one of the gate machines, 
tar opening and closing operations. The characteristics of the motor w ere 
determined separately by means of Prony-brake tests. By taking into account. 
the gear ‘ reduction, the mechanical | advantage of the > erank- and-strut linkage 
at the recording intervals, ;, and the p probable mechanical efficiency, the p power- ’ 


inet —. were converted into values of torque about the axis of rotation 


| 


"Structure 
650.0 Prototype 


ie 


, in Millions of Pound Feet 


orque, 


16 28 32 36 40 44 60 64 


=e 


Leaf in Degrees from Open Position 
8 — VERIFICATION TEsTs (Susmuncznce, 73.16 ] | | 
‘The results of model and prototype tests are shown in Fig. proto- 


type data represent the average of five test runs, and the model data represent 
single run. ih all I cases, the peak torques observed i in 1 the model tests were 
larger than pribbieg recorded in the prototype tests and occurred farther from the 


mitered position of the » gate leaf. The verification is Sen | close for the 
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‘dosing operation but not for the opening operation. ae are several factors. 
could have contributed to the disparity: 


The driving motor of the model machine had slip. The slip 
of the prototype motor was found to be very high at the a-yangen of peak 
‘resisting torque, and the ‘consequent deceleration wo 


ta by the results of the ane tests « on n the Third Locks gate w vith 
unsynchronized operation of the leaves (Fig. 7). Delay it in Starting: a leaf in 

the opening operation reduces the peak load and delays it its occurrence. 


‘ConcLusions FRoM TESTS 


‘Three. conclusions are derived from the. foregoing: _ 


1. When the two leaves are operated together, peak resistance occurs in . 


é early part of the opening cycle; 


> 2. The peak load can be reduced considerably by delaying the ‘starting of 
one leaf, but the best load distribution for simultaneous operation of the 


cycle involving low speeds at the extremes o oe senelaananeiaidin the 
nitered position; and 


the 


leaves, w hether synchronized or not, can be obtained by the use of an operating gS 


oF Test RESULTS TO THE PROTOTYPE Design” 
represented i in the model tests were: Hydraulic drag, r mechanical 


| friction, transient phenomena, ‘salinity heads, and speed variations 
tedivingunit. 
The hydraulic drag and the mechanical friction forces were assumed to be 
regligible relative to the total resisting force. . Opposing surge 
might exist at the time a gate is operated and the effect of waves produced by 7 
external influences such as wind and ship movement were re not considered to be 
tactical of reproduction i in the model tests. The determination of the prob- 
able magnitude of salinity he heads and the correction of test results for the effect 
of slip i in the driving units will be « discussed herein. 
Notation. — —The following letter symbols, used in the pa paper, conform essen- 
tially: to American Standard Letter ‘Symbols for Hydraulies,? prepared by a 
Committee of the American Standards Association, with Society representa 


tion, and approved by the Association in 1942 
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ee - distance of the culvert roof from the lock floor (see Fig. 9); 


F = force per unit length of gate: mints ot ot 


Fy = force on the fresh-water side of the gate; 


= force on the salt-water side of the gate; 


= downstream, or r salt-water depth to the lock floor; 


rad alt ys = depth of water to the » equal-pressure plane on the fresh-wa ater 


Wie Ys = of water to the -equal- on the 


= upstream, or fresh-water depth t to the lock floor; 


Forces Due to to Salinity Head. —When 1 the specific gravity of the water on 
: the two sides of a closed lock gate i is not the : same—a situation encountered at 
ocean | locks ‘supplied w ‘ith | lockage water from a fresh-water source—the attain- 
“ment of flow equilibrium i in the connecting culvert system is very “unlikely to 
balance the total hydrostatic forces on the two sides of the gate. When the 

a) = fresh or ' comparatively fresh water is on the upstream side of a closed miter 
gate, the direction of the unbalanced hydrostatic force is such as to. oppose se the 


“opening of the gate, as illustrated in the following analysis, = 


= = = 

Salt Water Level ‘ 


> 
ald — Pr Pressure 


= ‘ig. diagrammatic section parallel to a lock with the gate 
r y represented by the line AD and the pools on the two sides of the gate con- 


nected by a culvert running below the level of the gate bottom. For equi- 
_ librium to exist and flow to cease, there must be a — of separation between 
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salt water and fresh water at sili the pressure is balanced. Since salt ile. 
is heavier than | fresh water, the lower part of the culvert will be filled with salt _ 
water at least w up to the level of the culvert roof. i It will be assumed tentatively 
that the he equal-pressure plane is at the same level as the culvert roof. Bis shoal 
or The p pressure diagrams for the two sides of the gate are represented by lines 
CS and BF, with ES equal to ‘EF. _ The area BCLM represents unbalanced 
pressure on the fresh-water side of the gate. nk Ana 
By definition (see notation): on wall. dor 


> 


The net force per unit length of gate equals 


on 


at 

to 

the Substituting Eq. 4 in Eq. 3 the force to : 


With the value of Ye known, ys can be shemale from Eq. 4 for | assumed 
values of ys and y,. With the substitution of rink ys, Eq. 5 weane to 


hen ‘the connecting is the level of the gate bottom, Eq. 


applies without change. If the equal-pressure plane is at oa level of the gate 


bore ordinarily would enter into the decision as which gate would be 
criterion and into the assumption of salinity values. no factual data 
- Were available, ‘it would be logical to base the computations on the gate that 


‘rilhave the greatest operating x submergence and to assume sea water with a a 
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specific weight of, 64. 0 Ib per cu ft on one side and fr fresh wa: water with a 
weight of 62.5 lb per cu ft on the other side. a However, at the existing Panama 
cs _ Canal Locks, which correspond closely with the e designed prototype locks and 


which connect the same bodies of water, information was available as to ‘the 
location at which the greatest difficulty is encountered from salinity pressures, 2 


and the maximum salinity head measured at that location is about 0.7 ft. 
At the corresponding location in the Third Locks, the maximum salt-water 

- depth t to the lock floor on the downstream side of the > gate is 68.9 ft, and the 
ao lowest culvert roof is 9 ft below the floor. . The wa water on the downstream ers 
> a is assumed to have a specific weight of 64. 0 lb per cu ft. If the salinity of the 


condition obviously would sepresented by the assumption of sea-water 


salinity from the lock floor up, since pressure difference t below tk the floor does 
not act on the gate. 2 With this assumption, on, ys = 68 68.9 ft and ys = = = 68.9 + 0. Sf 
= 69. 6 ft. "Therefore, 63.3 lb per cu ft. 
As indicated by this result, entirely fresh water probably will not be found - 
on one side « of a gate with 1 undiluted sea water on the other side. Such a con 
dition is prevented by the fact that. every time the gate | is opened, the sea 
water on one side displaces a large ee of the fresh water on the other side 


= 


because of the difference in weight. 
‘The prototype gate leaf is about | 84 ft long from miter end to ax pom of rota- BS 
tion. _ Neglecting the small area from t the axis of rotation to the quoin end and 
- substituting i in 1 Eq. 4%, the total force on the gate leaf is computed as 141,000 lb. | 
: The moment arm of this force about the axis of rotation ¢ of the leaf i is 3 equal to 
half the length of the leaf. Therefore, the moment ‘resisting opening of 
leaf is 4 X 84 X 141,000 = 5,920,000 ft-lb, a 
= Correction of Test Results for Slip in Driving Unit.—The model machine 
driven by a relatively high-powered motor that produced : a 
constant speed for the reduction gear and the operating crank, In the de- 
7 signed prototype machine, however, power is to be transmitted from motors sto 
reduction gears through hydraulic couplings. _ Therefore the ‘speed variations 
— to be expected i in the prototype machine must be taken into account i in n applica 
- Although most of the model tests ¥ were conducted with an operating time 
: representing 2 min in the prototype, the operating time later selected for the | 
prototype was 2.25 min. A tentative selection was made of motors, hydraulic 
couplings, and reduction gears such that, with the motors « operating at rated 


full load ‘speed through the entire operating cycle, and taking | into account { the 


a The motor and the hydraulic coupling were of standard duiien, and their slip 

"characteristics were available from manufacturers. ‘For ‘the purpose under 

discussion, the two slip characteristics ‘combined. “Fig. ‘10 shows the 

speed of the output shaft of the hydraulic i¢ coupling for the : torque range from 

= _ no load to the breakdown load of the coupling, with the slip of the motor 


ude 


water on the upstream side were assumed to be uniform for the full depth to ) 
‘the culvert roof, Eq. 6 would apply, but, for a given head difference, the ‘worst 


= “falinity y on the upstream side from the lock floor down and a uniform lower | 
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3 
The travel of the gate leaf between recessed and mitered positions was 
divided for convenience into thirty parts corresponding to thirty equal divi- : 
sions of the are of crank movement. — The relation of these divisions with re- 
spect to angular y position of the leaf is shown by the vertical lines in Fig. 6(a). 


Combined Slip Characteristic 
7 Motor and Hydraulic Coupling - 


o 


usands of Pound Feet 


Torque, in Tho 


100 200 3000 600 700° 
a. 10. —CoRRECTION or Test Data For IN Drtvine Unr 
Thus, f for each position, the resisting torque about the axis of rotation of the 
laf is indicated for five different operating times. ~ On the e assumption that the 
frank rotates at uniform speed throughout an operation, , each operating ¢ time 
taresponds toa certain speed at the input shaft t of the the reduction gear. By 
| computing trigonometrically the mechanical advantage c of the crank- and-strut 
inkage for each position, ' taking into a account the total gear reduction, and as- 
auming a mechanical efficiency, the re resisting torque 2 at the input shaft of wa 
eduction gear can be derived for each h operating ‘speed. 
Leaf Position 18 will be taken as an illustration. — 5 For this osition the 
p 


nechanical advantage of ma cra ones strut linkage was calculated to be 1. 92. 


Given about the axis of of the leaf was by “dividing 
the factor (1.92 X 5,660 X 0. 894 =) 9,715. . J With +T, representing the torque 
ibout the axis of rotation and T,, the correpending required torque at the gear 


es , the values in Table 1 were derived for the opening movement from 


=. 
— 
/ 
ine — 
ally — 
@ 
sto 
jons 
i 
— 
ated 
hed 
sult. 
nder from accumed efficiencies for individual narte of the machine was 
| 
. 
— 


MITER GATE OPERATION 


the torque values shown i in Fig. 6(a) for r Position 18 ‘The speed-t  speed- torque 

wen are plotted in Fig. 10 to the same coordinates as the hydraulic. 

coupling characteristic. 5 Since the output torque of of the hydraulic coupling 

4 must be -_ same as the resisting torque at the gear input shaft, the intersee- 


TABLE From _SPEED- Torque ‘TEsTs, Movemen’ T 


Speed at gear input shaft (rpm) ; 589 | 655 = 4 
Torque, in Pound-Feet: f 

To at the gear input shaft 525 | 659 1 205 


tion of the curve for each leaf position with the hydraulic-coupling charac- 

> - teristic represents corrected torque and speed for that p: p rticular leaf position. 
Thus the corrected torque at the gear input shaft is 620 lb-ft, and the 
rected speed i is637 rpm. The torque at the gear input shaft may be ‘multiplied 

i § by the conversion factor 9,715 to obtain a corrected value of torque about the 


axis of rotation. This gives 6,020,000 Ib- ft. 


aL This method was used to ‘detive. torque and speed values for each of the 
thirty positions f for both the opening movement and the closing m movement, 


and, from these values, crank-and-strut loads and motor horsepower were 


oe computed. _ The corrected values of torque about the axis of rotation for the 
opening movement are shown in Fig. 6(a) for comparison with the uncorrected 


model test results. 


a : To ¢ determine the probable operating time, the average speed of the crank 
between each pair of consecutive positions was assumed to be equal to tthe 


time calculated on this basis differed pe Mia aaah from the desired 
ee .25 min, and the tentatively selected driving unit was adopted for the machine. 


‘The correction method used is an approximate one, of course. The basic 

‘s assumption was made that the speed- -torque relationships indicated by the 
; ‘model test results for any given leaf position would hold true independently of 
“speed variations at other positions. _ This ‘assumption cannot lead to very 
7 accurate re results, but the - degree of accuracy probably is sufficient for the atl 


Capacity of . Machines— —All gates of the prototype will be operated by 

identical machines designed for the operating conditions at the gate. with the 

greatest potential load. This load wi was assumed to be represented by t the test 

_ results shown in Fig. 6(a). » It was unnecessary to make additional allow: ances 

for salinity forces; at the gate where salinity is most likely to affect operation, 

the submergence i is only about 70 ft, and, since the machines are designed to 

“operate a a gate submerged 82.5 ‘bin reserve capacity i is available (see 

“Fig. 6(b)). The hydraulic coupling acts as a load- limiting. feature, and, if 

‘salinity pressure exceeds expectations, the coupling slip will increase auto- 
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The shock absorber contains a limit switch that will stop | the diving motors 


before the strut can be mi 


data obtained from the: model tests could be other 
miter gates having the same kinematic eycle. % This would require correlation a 
of sc scalar ratios with the Telationships de derived from the tests. The length of a 
gate leaf would determine the linear scale ratio with 1 respect to the leaf of the 
test gate, which is 84 ft long. _ For r example, if a gate leaf is 42 ft long, the linear 
scale would be 1 to 2. If the submergence is 30 ft, the curve in Fig. 6(b) a 
representing a 60- ft submergence would be applicable with all torque values 7 
divided by 24, or 16. _if the operating t time is greater or less than 2 min, the 
appropriate curve of Fig. 6(a) is used and corrections are made for a ‘number “/ _ 
of leaf positions in accordance \ with the ratios in Fig. 6(b) betw een the torque 7 

-values at a 60-ft submergence a and those at an 82.5-ft submergence. | ’ 
ys it is necessary to “correct for slip in the driving machine, new speed- 
torque curves should be derived from those of ™ 6(a) on the basis of the 
scale relationships and the submergence ratio, and the correction ‘method 


should be applied as outlined herein, 


In this application, differences in chamber lengths are neglected. However 
unless such differences are great, their effect may be relatively unimportant. id 


_ At the time of the | tests described in this paper the Special Engineering — 

Division ¢ of The Panama Canal was directed by T. B. Larkin, M. Am. Soc. — 
C. E., | » Supervising engineer. . The investigation was conducted by the Hy- 
draulic Section of the Division under the direction of F. W. Edw ards, M. Am. 
Soc. C. E., senior hydraulic e engineer, and later, E. Soucek, ., Assoc. M. An. Soc. 
C. E., senior hydraulic engineer. T he model operating mechanism was de- 
‘signed by G. 2. Smith, e1 engineer, , of the Mechanical-Electrical Section. » The 


was in charge of the investigation. 
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“AMERICAN SOCIETY OF CIVIL 1 ENGINEERS 


Founded November 5, 1852 


"IN DESIGNING BUILDING 


5,76 M. Am. Soc. C. E., R. ‘E. Fapum, Jun. Am. Soc. 
E. ‘discussions, which represent ‘much thought and labor on the 
By of the contributing engineers, are very stimulating to to constructive think- a 

ing. Careful study of their contents is recommended to all who are seriously a 

‘interested in this subject. . In addition to presenting a great deal of pod 

material, the d discussions contain a divergence of views which should encourage — 

the invdemmenh of independent thought so ‘important i in this field in which 

design is still largely dependent on judgment. 


The discussions have broadened the scope of the paper to such an extent. 


that the authors are not able to comment in this closure on all the new material _ 
presented, nor to answer all « of the many requests for additional | information. 7 
In the emphasis is is which we would otherwise be 


PROPERTIES OF CLays AFFECTING SETTLEMENT ANALYSES 


The numerous requests in the discussions, for detailed information on 
the properties of the clays underlying the buildings described | in the ‘paper, 

q 
"prompted ‘condensed 1 use of material originally intended for a a separate, com- 
ae publication o on this subject. fw In this form it also serves as an moyen 


. Nore.—This paper by A. Casagrande, and R. E. Fedum was in 1942, Proceed- 

iws. Discussion on this paper has appeared in Proceedings, as follows: March, 1943, by Messrs. Jacob — 
Feld, and Leonard Zeevaert; June, 1943, by Messrs. Gregory P. Tschebotarioff, Guthlac Wilson, W. H. : 
MeAlpine, and Karl Terzaghi; and September, 1943, by Messrs. D. P. Krynine, O. G. Julian, A. A. Eremin, 


Burmister, Abraham Woolf, Lazarus White, George L L. ) and sa R. Dames, Frederick 
J. Converse, Sterling S. Green, and Paul Baumann. 
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32 ~ a CASAGRANDE AND FADUM ON BUILDING FOUNDATIONS © Discussions 


8 General Description of the . Boston Clay Deposits.- —The clays underlying 
- Greater Boston are » probably among the best explored and most thoroughly 
_ tested clays for foundation purposes. a They have served as a proving ground 
- for much research in soil mechanics and also for the development of of ‘soil 
_ sampling ng methods. | In particular, the explorations for the two buildings de- 
-seribed i in bene paper have assisted greatly i in improving soil sampling tools s and 
methods. This development culminated in the best sampling of this | clay so 
‘ far accomplished—namely, the ‘samples taken n during the e explorations for the 
Mystic Power Station of Boston Edison Company during 1941-1942, 
7 Because considerable trouble i in undisturbed sampling was still experienced at 
4 the sites 8 of the two buildings referred to in 1 the paper, for which the gene 
will brevity the sites will be referred to as 


Liberty Mutual Insurance Company Building 


. New ‘England | Mutual Life Life Insurance Company hin ng 


At all three sites the soil profiles are similar. Directly overlying rock is’ 
‘glacial till, sand and gravel, deposited and pre-loaded by glaciers. — Overlying 
this material is a thick stratum of inorganic clay, w ater deposited during the 

Tetreat of the last ice sheet. This clay is a fairly continuous formation, but 
‘contains many lenses of sand and local pockets of gravel and boulders. | Except 
- for the e upper hard crust, which at one time was exposed to surface conditions 


(drying and oxidation), the c color of the clay * varies between darker and lighter 


shades of olive green and gray. The term “blue clay” should not be taken 


oor This simplified color designation has become part of the name of this 


clay which again is exaggerated color. designation. Beneath ‘this 


hard clay there is a gradual transition into stiff and medium and finally into 


7 ~ past five thousand years or so, bringing the surface to an average » El. -20- 
ae low water (M. L.W. ). . On top of the clay a —— of “organic silt was 


This clay deposit is 


The physical characteristics of good undisturbed samples of the blue clay 


y between a very brittle material which upon remolding becomes extremely 


and sticky an and a that shows no remolding softens 


for building settlements in 
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ae blue clay is variable. Over limited areas these materials are entirely absent, Ct 
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‘much less, and does not become sticky. a To distinguish between these extreme _ 


ing 
types, they will be referred to as “brittle” and “plastic” types, respectively. 
aly 
“> i. The brittle type i is easily ‘sampled v with thin-wall samplers, 78 the clay prac- 
ail tically ‘ ‘melting” under the pressure of the cutting edge. ‘Such samples show . 
in. 10 bending of the bedding planes, although i improper er sampling may result i in 
ad - shear planes. Even rather stiff soils of this type can an be sampled with little 
cy ig pressure and can be easily pushed out of the tubing. 7 his et usually hasa 
slightly more greenish color than the plastic type. 
“oo a ‘The plastic type offers much more resistance to sampling and to the removal — 
rs of the ‘samples from the tubes, although the samples may be only medium soft. y 
me ; Even with the best sampling procedure in bore holes some bending of the planes — 
ites Of stratification cannot be prevented. _ This type of clay often contains indi- 
vidual larger grains of sand and here and there a pebble. It is usually less 
a regularly stratified, , and | sometimes n mottled, as if f at one time the deposit had 
been badly disturbed. Also, , it is often found adjacent | to boulder nests or 
In addition to these extreme types there ; are intermediate types which 
7 exhibit some brittleness. Since the grain-size distribution and the liquid and 7 
plastic limits of all types vary within the same general range, no differentiation _ 
a ai is possible by means of ‘such classification tests. The raw material seems to 
ale be the same. >. Differences i in intensity of flocculation on at the time of deposition 
gs (in other w vords, ¢ differences in the structure of the clay) are assumed responsible 
/- for the wide variations in physical characteristics. An attempt was made to = x 
cept determine from the contents of Foraminifera whether individual samples are 
marine or fresh-water deposited. H.C. Stetson, of the Department of Paleon- 
‘ions 
hier tology at» Harvard University, Cambridge, Mass., found Foraminifera i in all 
‘ types of the Boston blue clay, but ve very sparse (only three or four individuals 


to about 40 40 g of of dry clay), indicating that the deposit might have been laid 
down in an estuary at some distance from the sea, under brackish conditions. 
no svelte. For example, in the Lynn area the highly brittle type, with a 
natural water content at t about the liquid limit, is present at El. - —40, whereas 
at the same elevation in other areas the less brittle types are usually found. 
(Elevations refer to Boston city base unless they are marked M.L.W. _ Boston 
tity base i @ is 6 in. below M.L.W. -) In the deep borings at site M the plastic and 
brittle types alternate. At o one location i in Cambridge the hard yellow clay, 


ati was distinctly of the brittle type. . Yet, in spite of its hardness, it was con- 
” 90 siderably above the plastic limit and became medium soft upon remolding. ; 
5 wae from these and other observations it was concluded that, at the same time 
Fil as and with the same raw material, brittle types of clay: would appear to have been 
00 ft. leposited in some areas and plastic types in others. 
reater At several s sites the brittle type e predominated near the bottom of the oe 
Bio tlay s stratum. This order of occurrence may be responsible for earlier ‘conclu- -_ ‘a 
va Sons that the Boston clay at greater depths is extremely soft and not - yet fully 7 _ 
dow tonsolidated. Actually, good undisturbed samples of such brittle clay, em 7 


“Exploration of Soil Conditions and Sampling Operations,”” by H. A. Mohr, Soil Mechanics Sertes 


Mo, Univ. Mass., 3d Ed., November, 1943. 
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- depths « of about - 100 ft, have been found to have compressive re strengths up to 
2 tons per sq ft; but the use of -thick- -wall samplers, and the practice | of un-. 
Ww watering the bore holes, creating great unbalanced stresses in the ‘clay to be. 
‘sampled, resulted in such ‘serious, disturbance t to the samples that, upon re- 
covery, they had to be classified as very soft. This s condition, together with 
the fact that sampling operations become unwieldy and time consuming with | 
“great depths, has generally r resulted in samples being increasingly more 
turbed with greater ‘depth. The use of thin-wall sainplers of 2-in. ‘and 3-in, 
diameter, apenting in water-filled, cased bore holes, has eliminated most of 
these diffie ulties. Excellent undisturbed of brittle were obt: ained 


of the clay, ‘according to of the sampling. tube, as | 

: stiff, medium, ‘soft, and very soft, does not reflect the type | of clay. %& ‘The desig. 
- nation “very soft” may actually refer to a medium stiff, very brittle type of 
la clay whieh ‘ ‘melts” under the concentrated pressure of the cutting edge. 
Variations. in Water Content and Plasticity Boston Clay —The great 


variations in water can be analyzed relating water content 


one of 20 to 25, for the limit. 


average arithmetic means are as s follows: 


‘The m most _ complete record yet available in the Deidne area for a deep boring 
is i iBustrated in in | Fig. 33, from site M. the water 


~alled 


which gives of the natural water content to the 
“Wa = = P,, this ratio is 0%, and for Wn ,= Ly the ratio is 100%. Values greater 


than 100% indicate that natural Ww ater content is above the — limit. 


"water content Wn B, ‘Tespectively, computed from the average laboratory 
virgin compression curve, , shown subsequently as curve T i in . Fig. 36. . 
a For sites | I and If tl the B-values are plotted | in Fig. 34. In n this d diagram 
observations cover a range in elevations. s.for which no are available 


_in Fig. 33 because of loss of samples. 
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= From hundreds of limit determinations of samples obtained at many sites 
a . 4 in the Greater Boston area the total range of variation for the liquid limit was § 
me 6 { found to be 30 to 76; and for the plastic limit, 16 to 33. Omitting the very 
iz , to 55 is found for the liquid limit; J 
-d soil investigations were made, 
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The spreai spread in the B-values in Figs. 33 and 34 is not entirely due to varia- § cr 
5 tions in the type of clay but, to some extent, is the result of inaccuracies in § ca 


‘correlating the water content and limit values. is 
a Fig. 35 shows the results of the most recent tests of this type, determined we 


from samples | obtained from a boring in Boston Harbor. — Special care was @ th 


: taken to make sure that water content and limits were determined from iden- th 
tical material, and also that lean and fat clay layers were not: mixed. To 


Natural Water Content (w,) 
Liquid Limit (Ly) 
LipPy=22. 6 Plastic Limit (Py) wa 


oreman 


F 


| 


Soil Classification by Boring 


N 


Ww 


5 Water er Contents and Limits in Percentage -_ Water- Plasticity Ratio, B, in Percentage 7 


35.—Bortnes 14A anp 14B 1n Proposep Drepaina AREA, East 


7 check the latter, the different color shades were used as a basis for differentia- iba 
tion. 7 W hen the tests for Figs. 33 and 34 were made, the importance of of such wi 

‘Fig. 85 does not represent the full range of variations ‘in \ water content, .., 
since every determination is the average for a height of several ‘jete. & j 
‘slicing the clay i into thin layers, sometimes a value as low as | 25% is obtained - 
@ for a a thin layer o of light colored very silty material; and a value as high as $ 60%» Bt 
for a dark olive greenish clay layer, 
*;. Examination of Fig. 35 shows | that the water content does not vary with Bi. 
depth, except for the | upper - 10 ft to 15 ft. > From. this, c one e might eonclude that | 


‘differences i in overburden have not consolidated the clay to a water content de- 
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e hard and ‘medium clay y had been eroded at this lo- 


is snnaiiideded only under the present overburden and shows no difference i in 
water content un under widely differing pressures. However, considering that. 
the top of the hard clay” (that is, beneath the original clay surface before 
erosion), one expects the water content to increase with depth, rather than 
to decrease. Actually this i increase is noticed only in the hard, and in some 
of the medium clay. At this profile the plasticity of the clay gradually de- 
creases from ‘El. —23 to El. —40 M. L. . as evidenced by the plasticity index 
_—_ — Py) in Fig. 35 . Therefore, : the same water content at these two eleva- 
tions means that at the ‘upper elevation the clay i is more ¢ consolidated 


water content to the Timits—that i is, of the water- plasticity ratio—can assure 
correct interpretation of the meaning of the constancy of the water content 
vith depth. A study of the water content alone would lead to erroneous 

; Water Content of Hard Yellow p Clay— —During remolding of an undisturbed 
sample the water content of the hard yellow clay may appear to be slightly | 
below the plastic limit, because the « clay crumbles before it can be molded into 
i thread. _ However, the plastic limit of the same sample, after it has been — 
rmolded with water for the determination of both limits, is actually slightly 
telow the natural water content, with the corresponding B-value between 0 
This” discrepancy between the “feel” of the material remolded from 
undisturbed state, and the “feel” of that which has been kneaded with the 
udition of water, has been ‘eatheet also for other clays near the plastic limit. 7 
Apparently, remolding of hard clay with the addition of water effects a thorough 


treakdown of the structure, which mere r remolding at the natural w water content | 


Consolidation Tests and Preconsolidation Pressure for Boston Clays.—Fig. 36 
hows ' typical pressure versus void ratio curves for undisturbed samples from _ 
the same boring for which other test results are assembled in Fig. 33. The © 
weconsolidation pressure p, for each curve, determined by the graphical pro- 
lure, as well | as the » probable range of p determined from the shape of i~a 


is the transition curve betwe een the recompression and virgin branches, 


ud the narrower is the estimated range for pp. 
The virgin curves are generally straight lines on a semilogarithmic plot, — 7 


acept those for samples with initial void ratios considerably § greater than 1.0. \ 
Curves D, E, F, and G, Fig. _ 36, were obtained from specimens only a few 
aches apart in| elevation. ~ Curve D corresponds to a specimen with a high 
tural w ater content, ‘tee the other three curves represent another type 


wate > of 


Curve E, Fig. 3 36, was ‘obtained from a test ; that lasted one week, 


vereas curve. F was ‘obtained from a long-time test that lasted 85 days. 
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7 Bs sapcoi of the shape of the (e-p)-curves and of the preconsolidation pres- ‘ 


"sures, from them, indicates essentially the same results. These two 
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_ tests, and similar comparisons on other clays, permit the conclusion that con- 
solidation tests lasting several months give > practically the same _— as the 


— 
— 
— 
— 
13 
— 
“12 | 

7 in 
or 

— 

= 


OUNDATIONS 

h GRANDE AND FADI 
ane 


ant, Curve G shows a rather steep 1 recompression — id a flat transition 


“distorted samples. For comparison the are included, showi ing the 


io wer the other three tests performed | 
same elevation. 


ABLE 1 PRESSURE IN PER Square 


Curve 7 Laboratory No. Depth (ft) Elevation ‘Graphical 


(city base) | method 


H75-3-4-4 
H75-3-5-4A 
H75-3-7-3B 
H75-3-10-5A 
H75-3-10-5B 
11-6B 5 J 
‘H75-3- 12-4B —70.4 
314-4 
Average (e-p)-curve fo on of wa and B (see 


oo 


The preconsolidation values obtained from the twenty-four tests on _— 


turbed samples from this boring are plotted in Fig. 33(c), and for comparison 
the actual stresses under the present overburden load are shown. From the 


te 


urface of the clay stratum to about El. —65 the clay a appears to be consolidated _ 
by ‘drying. 2 Below this elevation | there is a good agreement | between the 
Pv values obtained from the tests and the actual overburden pressure, indicat-— 


clear geo- 
logical evidence that was never higher than at the present time. 


The importance of great care in the performance of consolidation tests, if 7 
tey are to be used for analyzing the preconsolidation pressure, cannot - 
weremphasized. Such tests should be ‘supervised checked carefully, 

| since irregularities in loading, differences i in the time allowed for each : increment | 
i not | adjusted to the same period,  ete., » easily ¢ cause changes i in the shape of 


curves: Ww which may result in errors in the derived P-values. 


by ‘semilogarithmic plots of the time curves (see Fig. 37), should be discarded. 
omparison | of the consolidation | tests for the boring, shown in F ig. 33, with 
ider tests on samples of Boston blue clay. obtained with thick-walled samplers — 
adicates that the general magnitude of the preconsolidation pressures, deter- 
tined by the shape of the (e-p)- -curves on less perfect samples, is still of the Co 


correct t order of "magnitude, 7 but that the error i in the graphical procedure © 1 


= 


“Relation of Undisturbed Sampling to Laboratory acetal an P. C. Rutledge, Proceedings, Am. 
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Comparison of Actual and Theoretical -Values and B- Values for Boston 


Blue Clay. —Fig. 33 also” shows the theoretical decrease of water content w ‘a; 
= water-plasticity ratio B with depth, computed on the basis of an average 


laboratory compression curve, shown in Fi ig. . 36 as the broken line 7 (C.=0. 355, 
2) 
Elapsed Time (Log Scale) 


ding 


a 

3 
« 
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BY MEANS 


Fie. 37. — ANALY OF Consoutparion SOFA SEMILOGARITHMIC Pior 


38 For the zone below the influence of drying, the theoretical decrease in i. 
= 


2 water content from a depth of 80 ft (El. —63.4) to a depth of 120 ft (Bl 
—103. A) is from 36. 5.8% to 34, 4%. - This decrease is so small that it is com-— 

pletely overshadowed | by the actual "variations in water. content. _ For the 
aoees same depths the theoretical B-value | (assuming Ly = 47 and P,, = 23) is re 


ace _ duced from 58% to 48%. . The a actual decrease in B-value is much greater 
the theoretical decrease. 


nvestigations of Other Clays. —The Laurentian clays permit st stody of a 

large range of preconsolidation pressures. hard Laurentian clays, investi- x 
: gated by Irving B. Am. Soc. E. and the senior author in 
As care 1930, are. preconsolidated under pressures of from 7 to 15 tons | per sq ft, a 
ee whereas the soft Laurentian clays investigated in recent years by the U. S. F 

Army Engineers are consolidated under pressures of only 1.0 to 1.5 tons per a 

di sq ft. Both types of clay are e of marine origin and are extremely brittle i in the 8 

undisturbed state. When remolded, the hard clay becomes very 8 soft and 

sticky, and the soft clay changes practically into a fluid. Grain-size curves 

the Atterberg limits fall in the same ranges. liquid limits for the 
A hard clay were found to lie between 29.8 and 53.4; and the corresponding hall 
e plasticity indexes, between 12.5 and 29. 8. For the soft clay | the liquid limits the | 
a range between 36.5 and 55. 0; : and the plasticity indexes, between 12.3 and 28.4. 4. very 
ba For the hard clay | the water- plasticity Tatio B was found to range between void 
Gl 40% and 100%; for the soft olay the : range was from 150% to 240%. a purr 
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a Comparing the theoretical and actual decrease of water content and B-value © _ 
with depth, the actual decrease is again in found to be considerably larger than 
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No. Laboratory No. | Description ofmaterial 
H75-3-14-4 Undisturbed, soft Boston blue clay from site M (see Fig. 36, curve I) 
ft y > a H75-3-7- 3B Undisturbed, soft Boston blue clay from site M (see Fig. 36, curve Cc) 
1 a 2 H75-3-12- oie -Undisturbed, soft Boston blue clay from site M (see Fig. 36, curve ve H) 7 
er Hypothetical virgin compression curve for soft Laurentian 
per rhe. = 
Hypothetical virgin compression curve for soft Laurentian 
the 2-2CP1 Undisturbed, silt-clay, Boston 
d Undisturbed, volcanic leanic clay, Mexico ‘Mexico City maul 
irves 


Fig. 38. OF Pressure VERSUS Vor Ratio Curves BY LoGarRITHMIC PLOTTING 


ding ~ Such a clay must have been deposited ata water content very much above 
jmits “the liquid limit . Although it is not possible to reproduce in the laboratory the __ 


“void ratio for the condition at which the material was deposited. For this 
‘purpose dispersed samples of soft Laurentian clay were permitted to flocculate. 7 


very slow growth of such a deposit, one can arrive at least at a lower 


Inespective | of the chemical treatment, including one sample which was not 
‘reated lat all, the deposits were found to have the same void ratio of about 5 
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Discussions § 


after. and sedimentation were completed. Consolidation tests 
were performed on these samples. The pressure versus void ratio curve of one 
of these tests (without chemical treatment) is shown in Fig. 38 as curve No. 4, 
The relationship determined from a consolidation test on the same clay in the 

_ undisturbed state is shown by curve No. 5. Thus, even with a void ratio of 

_ about 5.0 at the beginning of the test, the Reondiated sample yielded an (e-p)- 
“curve considerably below the curve for the undisturbed d material. 7 Probably 

: the : starting void ratio under the extremely slow natural growth of such a 
ie deposit ii is considerably greater than that obtained by rapid flocculation in the 
Curves: Nos. 6 and 7 are speculations on the possible true virgin (¢—p)-curve 


according to which this clay might have been consolidated by nature. 


after, ‘the preconsolidation pressure, has ‘ti exceeded. Because of the i im- 
perfect fit of the sample in the consolidation ring, a a lateral strain could be 
introduced which might result in a partial 1 breakdown of the clay structure 


However, three ‘different tests on the same material gave a almost identical 
results. test was slow (70 days). ¢ ‘If the e shape of the curve beyond thi 


about. 5. ‘Taking into consideration the greater of and 
B-values with depth than is derived from the laboratory virgin (e-p)-branch, 
4 the ‘natural virgin ¢ curve be much steeper than either curve No. 5 or 
curve No. 6. Curve No. 7 is “suggested as a curve which would explain. this 

more rapid decrease of Wn and B with overburden pressure. 
| Ralph B. Peck, Jun. Am. 1. Soc. C. E., is one of the few who ileal 
papers containing complete water content and limit profiles. His investiga- 
tions were made on Chicago clay. ~ When considering only the clay that is 
unaffected by drying, his data Teveal, between depths of 25 and 45 ft, that 
the natural water content starts nearer the liquid limit at the upper elevation 
and approaches the plastic limit at the lower elevation. _ In both profiles the | 


B-value drops from about 70% to about 30%, which is is again: greater 


drop than the theoretical of from to 00%, from 


and similar other "oealities, it is concluded that, for 
clays of the types described, the natural water content decreases with depth 


ee at a rate at least equal to that which would be expected from laboratory con 


Solidation tests on on undisturbed samples. Tn} the foregoing examples the de- 

crease in water content and water- plasticity ratio with depth i is actually much 

B tcryh than the theoretical decrease, which differs from Professor Terzaghi® 

_ views on this subject. —, No explanation for this greater ‘decrease is offered, 


Pressure and Resistance of Plastic Clay,”” A Symposium, Transactions, Am. So. 
CG. E., Vol. 108 (1943), p. 

Figs. 19 and 20, pp.1009and 1110. 
_, &“‘Undisturbed Clay Samples and Undisturbed Clays,” by Karl Terzaghi, Journal, Boston Soe. of 

a tg 8 Discussion by Karl Terzaghi ‘of the paper, ‘‘Relation of Undisturbed omnia to > Labora 

by P. C. Rutledge, Proceedings, Am. E., June, 1943, p. 987. 
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except the: tentative suggestion that the magnitude of the secondary compres- 
sion, which develops over thousands of years, might increase in proportion to a 


45 the overburden pressure. ‘Thus, differences would result between 
the ® and natural (e- ~p)-curves ‘such as those shown by curve No. 5 and curve No. 7 


in Fig. 38, which i in turn would cause a a greater decrease of vy water content with 
depth than the laboratory curve would indicate. However, it should be 
bly emphasized that very slow laboratory emnnaliihathes tests have so far shown — 


h a tates of secondary compression along the virgin curve which are : independent 


a % It is unlikely t that the settlements of buildings are governed by (e-p)-curves 

as steep as curve No. along which nature 1 may have consolidated the clay 
ere Hoover long periods. Rather, the (e-p)-curves, obtained from laboratory tests 

2B on . good samples, seem to forma reliable basis for settlement analyses, provided 

wd - that the preconsolidation pressure Dp can be determined with sufficient accuracy 


be from \ laboratory tests, or geological evidence, or both. Without any knowledge 


ure. B oof Pp one is forced to assume that the clay is consolidated only under the 
ical present overburden. The settlements : so computed may be far too large. 
The necessity of obtaining as accurate information as possible on the pre- 
tv, @ consolidation characteristics of clay deposits as a prerequisite for settlement 
0 of - analyses cannot be overemphasized, and the question of how to determine the 
- true Pp is of major importance. _ Referring to the procedure for ~eeseneiete 
Pp from consolidation tests, Professor Terzaghi states that he has a0 wets 


us * * ceased to give any weight to the suimertonl results because both 


records and his own experience indicate that the difference 
between the computed and the real value for samples from the same drill 
- hole may range between zero and several hundred per cent of the computed 
value. If the maximum preconsolidation load p, exceeded the a 
overburden pressure p; by less than a few tons per square foot, ‘the Eetences, 
method does not indicate whether p, exceeded p; at all. "In such instances, 
= writer relies entirely on geological evidence.” 
3 th n the experience of the present writers it is just those cases, in which the 
t | maximum preconsolidation load exceeds the present load by a a few | tons per 
| ine foot, that require ‘greater a accuracy in analysis than is generally provided 7 
by geological evidence. ~The writers believe that this greater accuracy can 
be furnished by properly conducted consolidation tests on properly taken 


‘samples. — As to geological evidence, _ Professor Terzaghi himself states: ““* * * i 

but, as a ‘tule, geological evidence regarding the thickness o vanished 
_ Furthermore, the thickness of vanished strata alone does not determine 
the preconsolidation pressure of clays. Except for very recent deposits, most 
clays have experienced one or more periods of ‘drying w which geological evidence. 
will usually not reveal. Many ap apparent disagreements between as deter- 
mined from reliable tests and from geological « evidence are due to preconsolida- 

tion of the clay by drying. ng. Such differences ean easily be ‘ “several hundred _ 
per cent of the computed value.” ’ In any event geological evidence would d not 
inform the investigator « the degree and to which the clay v was 
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as those shin te in in Fig. 33, and those obtained 
by aay “other | testing - methods that ma may be developed for this purpose, will 
extent of consolidation due to drying. 


the "deviations between the true and computed p,-values 
caused by poor samples, or by poorly conducted consolidation tests, s, the pro- 
cedure for determining pp » from the test results should 1 not be blamed. — Un 
fortunately, much unreliable: information has been derived from tests made on 
badly distorted samples. ‘Therefore, it is rather treacherous to rely on pub- . 
lished data which are several years s old, unless one has had an opportunity to 
check, scrupulously, all the -Inany important details of sampling and testing 
which May cause erroneous results. it is regrettable that so much data 
obtained from soil testing of the past, including extensive material in the 
Writers’ files, must be eliminated as a source of r reliable i1 information because = 
the u use of excessively distorted samples. ated 
_ Further improvements or development of new methods for analyzing 
-_ pre-loading of clays from their stress-deformation characteristics are desirable. 
: - “The loading history of a clay is a latent picture, somewhat like an n undeveloped 
negative. The success of a settlement analysis depends largely on on the ability | 
Consolidation of clay by drying affects the ma magnitude of ‘settlements of 
buildings in two ways: (1) Reduction in settlements compared to those of a 
clay of similar thickness that does not contain zones of dried clay; and (2) rein- 
forcement. of the clay stratum in the horizontal direction which assists in 
reducing settlements due to lateral deformation. The latter effect is similar to 
‘the reinforcement by layers of coarse-grained. soil. ‘ Thick flood-plain. deposits 
with their alternating layers of clay, sand, and | silt, and with many of their 
clay layers well precompressed by drying, may show ‘relatively small 
_ ments as compared with the 1 total thickness of clay in such deposits. «sie eh 
The idea of hydrostatic excess pressures in rock underlying clay was = a 
: vanced by the senior author in 1936 as a tentative explanation for discrepancies 
in water-content distribution and consistency of so-called undisturbed samples: 
of Boston clay. _ Observations have indicated that the water pressure in the 
- rock underlying the clay corresponds to elevations above high tide. nea 
It is difficult, if not impossible, to determine the intensity of the true w ater 
pressure in the rock underlying clay by water-level measurements in ordinary © 
bore > holes. Only by the use of special installations such as those devised for 
pore-water pressure measurements in clays can the pressure intensity 


“oa Even these measurements must be viewed very critically because of the 


many technical difficulties involved in eliminating large errors. Not. until 
perfectly reliable methods are developed, will it be possible to prove or disprove 
fora given site the existence of excess hydrostatic pressures in rock underlying 
Ley ‘Beneath extensive impervious clay deposits considerable excess hydrostatic 
pressure may bea a natural and frequent phenomenon that may seriously affect 


the condition of consolidation of of such clay deposits. _ Any: relief i in the excess 
- hydrostatic pressure (as produced, f for "example, by wells) will result in con- 
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solidation of the clay under own Large changes in water pressure 


beneath | clay. deposits may result in spectacular settlements, ‘such as those 
observed in in the Santa Clara Valley i in California. 
a2 In this con connection, the writers. note with interest Mr. White’s ; remarks, 


a revealing a rather emphatic belief in the existence of such pressures. 


— 


_ Logarithmic Versus Semilogarithmic Plots of Pressure Versus Void Ratio 
Curves.—The remarks in the discussion by the Soil Mechanics Committee of f the | b 


“ o Los Angeles Section on the logarithmic plot of pressure versus void ratio curves 7 

. touch a question which has been debated for a number of years, = 

ig ry In 1931 the senior author started plotting the (e-p)-curves of consolidation 

4 tests on undisturbed clay samples on semilogarithmic graph p paper, , chiefly 

= because he he found that it facilitated the estimation 0 of preconsolidation pressures. 

of @ As the results of tests on undisturbed | samples on different clays accumulated, 

7 he | noticed that the virgin compression branch plotted as a straight line - 

ec “most ¢ of these clays. Only for clays with a natural void ratio considerably _ 

e. ‘greater th than 1.0, and with tests carried to large pressures, did he find that the 7 
ty Shortly thereafter, investigators in Europe started independently to use ae 
= the semilogarithmic ‘plot as as well as the logarithmic plot for for presentation of — | 

. __ Within th the ‘narrow w working range of pressures w which apply to the settlement 7 4 
n- analysis of a given structure, the virgin compression curves are 

in _ straight lines, both on semilogarithmic and logarithmic plots. | Then the choice a 

to may depend on whether the mathematical expression of a logarithmic function, 

its: or of a power function, is easier to use in a . particular problem. + - The writers 


consider the logarithmic equation more easily han handled in settlement analyses. , - 
‘The logarithmic plot has the advantage over the semilogarithmic “plot 
that it it facilitates assembling on one ¢ diagram the results of | soils w with | — q 
‘different compressibilities, as illustrated in Fig. 38. A number of sedimentary : 
soils, which are curved on this plot, show straight- line virgin curves on a semi- - ‘ 
logarithmic Plot. On the other hand, the clay from Mexico City, Mexico, 
which is not an “ordinary clay but the result of chemical decomposition of 
volcanic. ash, i is a straight line on the logarithmic plot. = s— 
_ A minor disadvantage of the logarithmic plot is the necessity of using a 
‘much larger cycle size for the void-ratio scale than for the pressure scale to 
enable sufficiently accurate plotting. When | plotting curves on symmetrical _ 
log paper, the (e-p)- -curves of ordinary clays | are so extremely flat that they — 
would always give the impression of being straight lines. Alas 


of Time Curves from Consolidation Tests by Me eans of Semilogarith-— 


rom 
te Plots.—Professor Krynine requested further information on this method. 
; It consists of three parts: (1) Determination of the “theoretical zero,” (2) deter- 
‘mination of the boundary between primary and ‘secondary: compression, and 
computation of the coefficient of permeability. 
-e % ‘‘Ground-Water, Salt-Water Int Infiltrations, and Ground Surface Recession in Santa Clara Valley, 7 
California,” by C. F. Tolman and J. F. Poland, Transactions, Am. Geophysical Unjon, 1940, Pt. I, pp. 23-35. 


a. ‘Compression Characteristics of Clays and Application to Settlement Analysis,” by P.C. Rutledge, — 
a ‘a thesis presented to the Graduate School of Eng., Harvard Univ., Cambridge, Mass., in June, 1939, in 
partial fulfilment of the requirements for the degree of Doctor of Science in Engineering. = 
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The necessity for finding a ‘ “theoretical zero” was realized by the senior 
author in 1928, after he discovered that the air content in soils 
the original procedure | developed by Professor Terzaghi for analyzing 
curves.** The method for finding the tl theoretical zero is based on the assump- 
tion that the upper half of the time curve is approximately a parabola, and 
consists of the following steps (on arithmetic and semilogarithmic plots): = 
' Choose an arbitrary point P; on the time curve, , within the estimated first 50% 
7 consolidation. . Divide the time, t,, of this point by 4 and find the corresponding | 


point P, on the curve. The in ordinates, A, of these two. points i 
transferred above Ps, as illustrated i in Fig. 37. fut This procedure is is repeated for 
several points and the horizontal line passing - through the average of the | 
resulting locations is assumed to be the “theoretical zero coordinate.” a 
With this modification, the senior author continued using: the Terz: aghi 
procedure, but in 1930 discovered very large discrepancies between the coef 
ficient of permeability computed from the time curves and the directly meas- 
‘ured values for ‘undisturbed clays. After considerable e experimentation with 
various types of plots, _ plotting the time on a log scale was found to permit 
visual differentiation between the primary and secondary compression. Also” 
the intersection of the tangent to the inflection point and of the straight- line 

continuation of the secondary compression branch was found to correspond 
approximately to a theoretical consolidation of 100%. 4 
_ Since both the theoretical zero point and the theoretical 100% point are 
subject to errors, the theoretical 50% point is considered least affected by these 


errors and was chosen instead of the 90% point in Professor Terzaghi’s original 


the coefficient of permeability can be computed f from the — formula, | ; 
based on the Terzaghi theory of consolidation:®7 tg. 


e 
See Then for the time, hint corresponding to this theoretical 50% point, 


on both sides; e,, = —>— = average void ratio for the increment; 


ky = = time for theoretical 50% consolidation, from Fig. 37. ad Onin 
yea ‘Using the semilogarithmic plot for t time curves, the writers have > always | 
been able to o check, with satisfactory accuracy, the results of direct permeability 
tests with the k-values computed from the time curves, provided that the slope 
of the secondary compression branch was not so steep as to obliterate the bend 
_ in the curve indicating the transition from primary to secondary compression. , 
4 This obliteration happens frequently i in the case of peaty soils, but in inorganic 
clays only when 1 very small load increments are used. _ The latter reaction is 
_ due to the fact that the slope of the secondary compression branch on a semi-— 


ha plot is independent of the magnitude of the load increment; 


""Principles of Soil Classification,’’ by K. Terzaghi, Public Roads, Vol. 8, 1927, p. 46. 
hanics,”” by Karl Terzaghi, John ‘ames & Sons, Inc., 7 P. 274. 
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- other words, the greater the load increment, the sharper the line of demarcation , - 
‘The use of the square root scale for the time curve, as  iateoduend by D. W. 7 
Taylor, Assoc. M. Am. Soc. C. | assists in 1 determining the theoretical zero 
coordinate, but does not eliminate the difficulty of distinguishing between 
primary secondary compression. The large ‘discrepancies between the 
K-values computed from arithmetic square root plots: and the directly 
measured values are due to this difficulty. oily 
In In addition to more accurate computation 1 of 1 the > coefficient of permeability, 
semilogarithmic plot has an over in that the shape 
ss of changes in the 
in Eq. 18. Once one is with the ‘characteristic shape of 
‘the theoretical curve, a glance a at an observed curve on a semilogarithmic plot 
will reveal numerous ‘ous important details regarding the primary and secondary 
compression that cannot be seen in the other plots. - For example, it will show 
whether t the time allowed for or consolidation has b been sufficient, will furnish an 
‘estimate of the degree of ‘accuracy of | the computed k- values, or will show 
whether the secondary | compression obliterates the primary compression to 
such an extent that it is not possible 
WwW hen performing consolidation tests. one should always plot the 
“curves on semilogarithmic paper as consolidation progresses, to enable proper — 
= of the test. pid Without such a precaution many tests are ruined by 
allowing insufficient time for consolidation. 


The omission ion of stress diagrams shows the results of computations of 
"stress distribution i in the ¢ clay beneath the buildings was not intended to convey 
; the impression, gained by several discussers, that the writers consider this — 


“subject of no importance. In the settlement analyses of the two buildings de- 


scribed, extensive computations were made to determine the stress distribution 
the clay for different designs, | = 
A number of papers in Proceedings in the past few ye years have described __ 
wethods for making these computations. 7 Since > the results : from all of these 
‘methods are sufficiently ac accurate for practical purposes, the choice of method — 
isa matter of getting results with the minimum effort. . For the analysis of 
building II, the junior author developed a set of influence charts, both f for 
a The of in 1 clay i is more affected by anisotropic 
properties of such deposits than by deviations from Hooke’s law. 2 In the de- 
sign of building II, various assumptions of anisotropy \ were made. 
Mr. Julian presented a clear. and scholarly review w of those aspects” of 
the theory of elasticity involved in the computation of stresses and settlements. 


_88“‘Observations and Analysis of Building Settlements in Boston,” by R. E. Fadum, a thesis submitted 
A the Faculty of the Graduate School of Eng., Harvard Univ., Cambridge, Mass., in May, 1941, in partial 
fulfilment of the requirements for the degree of Doctor of Science in Engineering, pp. 265-294. 


One of these influence charts is reproduced in ‘‘Theoretical Soil Mechanies,”” by Karl Terzaghi, 


Wiley & Sons, Inc., New York, N. Y., 1943, p.485. 


N A Problem of Elasticity Suggested by a Problem in Soil Mechanics: Soft Material Reinforced by 
gumeroug. Strong Horizontal Sheets,” by H. M. er Contributions to the Mechanics of Solids, 
Stephen Timoshenko 60th Anniversary Volume, 1938. 
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‘His several that should be of assist- 
to those desiring “more information on this subject. Poisson’s ratio of a 
. given clay is not a constant quantity. For the purpose of computing the 
initial stress distribution usually assumed to be a perfectly 

The discussion of the Soil ee Committee of the Los Angeles Section 
- contains 1 two conflicting statements on the question of the validity of Hooke’s 
law. On the one hand, the committee | proposes to expand the writers’ state- 
p ‘ments on the | limitations of the validity of Hooke’s s law to various types of 
4 soils, as follows: ‘ “4 ‘Hooke’s law does not apply to any y soil. On the other hand, ; 
a it proposes that shear stresses under er rigid footings should be > computed by mea means 
- 1 of the theory of elasticity, which presupposes the validity of Hooke’s law. In 
addition, ‘the shear stresses as computed for a uniform loading on a perfectly. 
‘flexible footing are assumed to hold also for rigid footings. According to the 
theory of elasticity, infinite concentrations of shear stresses will occur under a 
rigid footing and a statement that the maximum shear stress will | be equal to 
p/m is an unwarranted assumption. Either the material is almost perfectly _ 
- elastic, in which case the maximum shear stress will be Tuch greater than 
p/m; w; or the material is capable of making plastic r readjustments ; where stresses _ 
a are high, and then the maximum shear stress may be smaller than p/z. For 
tunately, most soils have the property -of distributing stresses from such parts 
= the shear strength is approached, to adjacent parts of the soil where — 
. _ Shear stresses are moderate. _ This action can be compared with the manner 
in which steel adjusts stress concentrations | which occur in almost every steel 
tee Just as the structural engineer relies on this property of steel, so. 


must the foundation engineer rely on the capability -of soils to release high 


oF CoHESIONLEss Sorts AFFECTING SETTLEMENTS 


ag Have Simplified I Rules a Place in Foundation . Engineering?—In his contacts — 

with the profession, the senior author has received frequent requests for a - 

_ simplified presentation of the results of soil mechanics to serve as a guide to 

_ engineers who have neither the time nor the opportunity for a a detailed study 
oy of soil mechanics. It cannot be denied that even today many y architects and 
engineers: re guided by the > misleading concept t that: each soil has a constant 
bearing. capacity, independent of the size and depth of the loaded area area, a, and of 
the type of structure (see most | handbooks and building” codes). ' The ¢ de- 
signers are not entirely to blame if n many building foundations a are still designed 

by such completely inadequate, although age-old, rules. a 
we Simplified formulations of the findings of soil mechanics have an important | 
place in the design of building foundations and are practicable for "coarse 
grained soils. These formulations should convey at least qualitative informa-— 
tion on the influence of possible variations in the design—for example, width, © 
rigidity, and depth of loaded areas for the pertinent ra range i in which such = 
tities ordinarily vary in building foundations. Howe ever, - settlement analysis 


of buildings on on soft soil does not as yet seem ready for such ——" ‘, 


“se 
8 
| 
fre 
q 
q fin 
de: 
ag 
| = 
foo 
les 
uni 
wk 
bili 
4 
| 3 


‘BUILDING FOUNDATIONS | 
‘In the first part of the paper a number « of simplified formulations are are ) pre- 
concerning the behavior of loaded areas on cohesionless soils. ‘These 
were on several of these statements. 


(a) Discussers object to as assuming zero pressure e along the 
ents by 
pressure cells have | ever r indicated z zero memes. would require extremely 
small pressure cells to measure the pressure along the edge; but extrapolation 
from measurements made in the interior of such loaded areas has indientel. 
practically z zero ‘pressures along the edge. addition, from the strength 
characteristics of a cohesionless soil it follows logically that for the zero: on - 
fining pressure at the ec edge the other stresses at this point m must also disappear. _ 
= It was also objected t that building riggs «er are always extended to a certain © 
depth below. adjacent ground surface. However, there is a definite trend 
tow ard placing foundations | for smaller buildings directly on the surface of a 
“sand or gravel fill. This is also true of foundations for tanks. - Therefore, a 
- designer should know that zero edge pressure is a possible extreme limiting 
condition which he may have to consider. 
In support of his claims that. “There i is no justification for iets: 
that the intensity of pressure at the edge of a rigid ar area is zero,’ ” Mr. Feld 
refers to tests by Professor Converse. i These tests were not performed on the | 7 _ 
surface but ata depth of 4 ft . Furthermore , the soil was not cohesionless, 
is described as clay-loam, according to the classification of the 
é US. Bureau of Public ‘Roads, and _ made up of 29 per cent clay, 30 per 
In regard to pressure a rigid area supported great 
depth, Mr. Feld states: “ uniformity of base pressure in pier foundations is 
the result’ of the rigidity o fa deep footing rather than of the depth of | the 
footing.’ ade Rigidity only i insures uniform settlement . In the case of cohesion- _ 
less materials, there is adequate proof that deformation does not occur in 
accordance 1 with Hooke’ s law; therefore a uniform settlement does not insure a 


e The comments of Messrs. Terzaghi, Krynine, and Freeman on statement | 
are pertinent. Construction procedure, disturbance of the soil, and flexi- 
“bility of the contact surface will result i in 1 considerable deviation from a a uniform | 7 


capacity with width of footing to the effect that the cenit bear- 


ing i is independent of the width of the loaded area. ro This is just the opposite 
4 the writers’ statement. 


‘ Professor Terzaghi states that the increase of ultimate bearing capacity 
: {proximately i in direct proportion to the width of the loaded area ‘“* * * does” 


Civil Engineering, April, 19383, p.207%. 
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‘not apply to sands whose angle of internal friction decreases appreciably with — 
increasing pressure.” ” In the writers’ experience, the angle of internal — 


_ for a given sand can be a assumed substantially constant in the range of pressure 
Intensities e encountered i in normal building loa loads. 


 (@d), ©), and (f) The ultimate bearing capacity, Go) On on the surface of a mass = 


of cohesionless soil can be determined by load tests, keeping i in mind that it 
increases 23 approximately in direct proportion to the width of the area. By 
placing the same loaded area at increasing depths, h, , the ultimate bearing 
"capacity, 4, will increase rapidly as compared with the value of go. This 
_ increase is due to a greater confinement of the soil underlying the area and to 


ving the function of depth, ), determines the i increase with The 


senior author has. generally assumed a linear increase with depth, , and in 1934 
he was in a modest li linear i increase into a proposal for 
is: ~ More : recently he has been led by observa- 

A 
tions agp Sa to pict ra linear increase too conservative for shallow 


a0 For deep | foundations the linear i increase always applies, but in the w writers’ 


. opinion the ultimate bearing capacity becomes so o large that other factors than 
a 2 ultimate bearing capacity control the design. _ &F or example, if a load test 
on an area 2 ft by 2 ft on the surface of a sand shows an ultimate bearing 


ci y ¢ of 4 tons per sq ft, the ultimate. bearing capacity ata . depth of only 4 
: ft would be more | than 20 tons per sq ft; : and, at a depth of 25 ft, more than 2 


tons per sq ft, assuming a linear increase connie to the conservative Eq. 2 


which follows. — Therefore, any simplified statement on the increase of _ 
™ 
“mate bearing capacity w with h depth should. apply | primarily to, comparatively 


The s senior author considers Eq. 3 in its 3 general form the best available eX: 7 


pression for the pertinent shallow range. Professor Terzaghi considers ‘it 
applicable for the range from zero depth to a depth equai to twice the width — 


of a footing. He suggests that the linear formula, Eq. 4, represents the part 
of Ex . 3 within the rangel <= < a better agreement with Eq. 3, includ- 
validity for the important Tange from the surface t to a depth he = = k, 


‘‘Proposed New Boston Building Code,” by A. Casagrande, 
on Soil Mechanics and Foundation ee 1936, Vol. II, Pp. ‘3il, 1, paragraph @. 
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; The exponent m depends largely « on the soil properties and for shallow belidee 


tions varies from values larger than 1.0 to almost 2.0. 
— Most. of the discussers expressed their belief in a linear increase of ultimate - 

noting capacity y with depth, which is ; undoubtedly the simplest ra rational formu- 

lation. The question arises as to what form | of linear increase would be suit- 


able for safe application with a minimum of soil investigations. The following 


—has the advantage that it is reliable for very shallow depths and that it - 


Pie gh used for any depth, since side friction is entirely neglected. . Forg 


} one may use the results of | load tests, or the following well-known formula, ‘ni 


nW hich ¥ is the unit weight of the soil, buoyant below the ground- water sur- 


face. The angle of internal friction at a cohesionless soil can often be ‘esti- 
mated from its general character and density. 


aw hen greater accuracy is desired for the ‘usual working ‘range from the 


surface to depths equal to several times the width of a footing, ‘detailed soil 
investigations will be required. it In this case, substitution of the increase se along : 7 


| E a parabolic curve. by a straight line is not justified, and a more accurate for- 


mula, such as : Professor ‘Terzaghi’ s Eq. 3, in its general form, should be used. :- 7 
For: the | purpose of a an statement the writers change formulation 


The ultimate bearing of a soil increases with ‘the 
_ depth of the loaded area beneath adjacent ground surface, ‘approximately 


Mr. ‘Freeman and t the Soil Mechanics Committee of the Los Angeles Sec- -— - 


- tion ‘disagree with the writers’ statement that in the : case of deep foundations 
on dense sand even the heaviest loading allowed by building codes i is exceed- 
ingly conservative as far as the strength o of the soil is concerned. ‘They refer” 
to the possibility of considerable differential s settlement, which is ‘not t the issue 7 7 
in this statement. A footing may undergo objectionable settlement from a 
load Ww hich is still entirely safe as far as the strength of the soil is concerned. 
The « occurrence of objectionable differential ‘settlements does not imply that a 
| * load, as far as the strength of the soil is concerned, was exceeded. — 'e = 
_@) and (h) In discussing the validity of Hooke’ s law for cohesionless soils, 
Mr Feld is apparently of ; the opinion that the Boussinesq formula does § give 
‘satisfactory. results for cohesionless soils—at least for small stresses. Mr. 
Julian states that there is a possibility that a cohesionless mass may have 
elastic properties when confined under high pressures. The writers agree with — : 
Mr. Julian, but believe that for most practical problems the assumption of 
Medes s law for cohesionless materials leads to a distribution of soil reactions 
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‘ments with depth may not apply to statement (7), rie mie largely on the 
‘effect of construction operations on the soil underlying the area to be loaded. 

# _ The > writers : agree fully with these qualifications. For example, when i in an 


open excavation upward flow of water is allowed to. develop, ow the ‘most. 
g compact and highly consolidated sand may change into a quick condition and 


become loose and highly compressible. 


Within | the usual working range of building footings (say, from depths of 
~ gero to 10 ft) the decrease of settlements for sand does apply and should be 
considered when designing | such foundations. 


aa regard to the objections raised in the discussions, the writers id casa the 


With i increasing ofa area, the settlement due to a 
‘unit load will decrease appreciably only if the soil under the loaded area ~ 
remains undisturbed. When disturbance is inevitable, the the settlement may 


a 
LigerTy MutuaL New MutuaL 


‘Building I, a foundation plan | of which is shown in ‘Fig. 1, i isa ten- -story, 


tower- shaped office building having two setbacks. The p plan area of the first 
two floors and basement is approximately 32,000 0 sq ft ft; the area , of the third 
preter sixth floors, approximately 20,000 sq ft; and ‘the area of the seventh 
throu gh tenth floors, approximately 10,000 sq it. The dead load of this build- 
ing, as computed from data furnished by the Turner Construction Company 
and based on actual quantities used in. construction, is 39,500 tons. This 
_ dead load | was approximately 5% less than the design dead load. The actual 
+ live load, as determined from an inspection of the building during w hich repre- 
——— items of live load were weighed and unit intensities computed, is 


1,500 tons. 7 ‘The e effective weight. of the soil removed to form a ge general base- 
-mnent, and i in addition a sub-basement under the more heavily loaded ten-story 
section, is 35,000 tons. He The net increase in load for the entire area is 6,000 tons. 

Building II, a foundation plan of which i is shown i in Fig. 18(a), covers & 
eo area of approximately 66, 000 : sq ft. The section to the left of line EF and 
that to the right of GH are four-story puddin. _ The area bounded by EGJIi is. 

7 occupied by : a ten-story section; areas IMNK and OJ LP, by t two-story sec- 

_ tions; and area FKLH, by a one-story section, with the exception of the center 
‘part, approximately 60 ft in length, , which carries two stories. In the center 

of the building is is an . ornamental tower - section approximately, 40 ft square 

7 which rises 125 ft above the ten- -story height. The dead load of this building, 

4 as ‘determined from data furnished by the Turner Construction Company, and 
again based on actual quantities used in construction , is 110,000 tons. In 
this case 104,000 tons was the design dead load. ~The estimated actual live 
load is 6,000 tons. | The. effective weight of soil. remo ved from this area is 
‘a 127,000 tons. . The estimated weight of two buildings which ch formerly occupied 
. 7 ‘this site was 16,700 tons. The total weight removed from this area exceeds 


the in form of the completed structure. This additional 
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. _ The widths of all soak footings for building II were on to provide for 

additional loads contemplated for the future. In many respects, however, the 

existing load distribution i is more e critical, a and it is anticipated that, when the 

nore lightly loaded sections are increased i in story height, the differential settle- 


be e Both foundations were , designed for dead loads | plus actual live loads which 
were estimated as accurately as possible. 


: The thickness of the crust of hard and stiff clay was thoroughly explored 


* during the construction of both buildings. | For building I, the thickness was 
rt ascertained by making one hand- ~auger boring i in the bottom of every caisson. 
ea. i The diameters of the caisson bells were proportioned in relation to the actual 
lay thickness of the crust. | For building II numerous auger borings were made 

- during the construction period to determine the variations in thickness of the 
crust. (Asa a result of these explorations, it was decided during construction to = 
x ‘aise the elevation of the base of the Berkeley ‘Street exterior wall so as not to 
ey out into the hard crust and unduly reduce its thickness. At this location the 
ory ‘devation of the base was s slightly ‘higher than at other places i in the building ; area. 
irst , The design of the outside foundation walls for building II for horizontal 
rd ioees was largely determined by the hydrostatic pressure . To this was added © 
“ earth | pressure at rest, buoyant | below , ground- water level. The temporary 


samples of the e organic ‘silt, making due allowance for a modest yield. Later 
the earth pressure was measured directly and d found to check well with the— 
Mr. Woolf takes exception to the specification for removing hard clay nm 
ander the sub- basement slabs to prevent them from | bearing directly on hard | 
material. This 1 was necessary to assure that all loads would be transferred 
through the wall { footings. Otherwise it would not have been possible to de- _ 


termine the soil reactions for which the slabs’ should be designed. Even if 


sheeting and bracing was designed on the basis of triaxial tests on undisturbed 4 


j these pressures had been known, it would have been uneconomical to permit: 7 
‘the slabs to carry the load the crust of hard were not avail- 
ntet the main reasons for des footings for | the outside walls — 
uare s Were: (1) Simplification o of construction, and (2) 1 more uniform distribution of _ 
jing, the contact pressures on the base, considering water and earth pressure against - 
the walls, ~The Building Department did not permit transmitting: the earth. 
Th pressure horizontally through the floor een, thus necessitating transmitting : 


these forces through the wall footings. val! Ty 
a From the » observed deflections, because he desired comparioon with 
wetual design, Mr. Woolf spot-checked the design of an interior wall for build- 
ing I and computed the amount of reinforcing steel required to be 60 Sq in in. 
These walls were provided with 100 sq sq in. of steel in both the top p and bottom. 
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e- weight was removed to provide for dead-load increases and live-load increases 
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rR ADUM ON BUILDING Di ‘Discussions 


oy Several ‘discussers cmpaenbe a preference for the design of the foundation 
of building II over that of building &y When comparing these designs, the 

_ difference in the design of the superstructure should be kept in ‘mind. ‘The 
type of foundation designed for building II was made possible by the .e “column 
omit Settlements —The most recent settlement observations of buildings I and I 
were conducted after 6.5 and 3. 8 years had elapsed, respectively, since in 
‘stallation of the observation ‘points. The progress s of the settlements is 
sistent with those reported in the paper. _ Table 2 2 , summarizes the essential 


TABLE 2- -SUPPLEMENTARY y Report or SETTLEMENT 


(@) } I, Liserty Mutua InsurANCE Company BuILDING 


- Elapsed period, in years 


4 


_ Maximum settlement for point A93, Fig. 17 (curve I, Fig. 15(6))... 
% Maximum differential settlement (curve I, Fig. 15(c)) 


Elapsed period, in years 
Maximum settlement Fig. 15(6) and Fig. 23) 


Settlement of point 9, Fig. 2 


‘Referring to Fig. 20, Mr. concludes from the available observa- 
= that point 5, building II, might have risen considerably more than 2.9 in. 
before: the ise was arrested by the > weight of t the concrete. The additional rise 
of point 5 which occurred in the period from October 12 to October 23, 1938, 
is estimated by the Ww Titers from a study of movements of points 4 and 6, Fig. 
s to be between 0.3 and 0.4 in n. In this connection it should be emphasized 
that point 9 rose slightly after the foundation slabs and 1 walls were installed 
at this location, due to an increase in hydrostatic pressure on the slab. —— 
Mr. McAlpine i inquires whether my of the adjacent buildings were adversely 
“affected during or after construction. - Great ¢ care was exercised in n frequently 
observing elevations of observation points established on all "structures iD 
- deel proximity to the site of operations. No movements « could be detected 
in any building surrounding the area. In this respect the soil conditions in 
Boston are more favorable than in some other cities where such deep excava- 
= would invariably result in lateral flow of the soil and settlements s of ad- 
‘The lack of symmetry ie he etl contours of the central area 0 

bu uilding I, Fig. 17, i is due to a nonuniform depth of excavation. . The area 
enclosed bis the heavy black line defines the sub-basement area depth of 
et varying from the basement level to the sub- basement level was ¢ excavated 


from the area enclosed by the dot-dashed line « on the Berkeley Street side 0 of 
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M larch, 194 
on the sub- basement section. — Had it been possible to excavate | more soil at 
he location A, the settlement pattern would probably have been symmetrical. oi 


he reply to the requests by Messrs. Krynine and Burmister, for a compari- 
in- a of computed and actual settlements, the apa is quoted from a com- 


- “The analysis of data for six buildings located within the confines of 
Boston has suggested the following conclusions: 
a oe Settlements due to consolidation, as computed from information 
_ disclosed by boring records, numerical data obtained from carefully per- 

formed consolidation tests’ ‘of representative undisturbed samples, and 
stresses computed on the basis of the elastic theory, varied between values 
equal to and up to twice the magnitude of the observed settlements. 

Conservative estimates of the predicted differential settlements 
* are. obtained if, in computing the stresses by the elastic theory, the follow- 

BS simplifying assumptions are made: (a) The soil above the plane of | 
loading and adjacent to the loaded area does not influence the distribution 
of the load below the plane of loading. (b) A structure i is relatively flexible 
and does not redistribute the load as settlement occurs. It was generally 

- observed that the ratio of the observed settlement to the computed settle- 
- ment was low for points of large settlement and high for points of small — 


ttle e t.” 


" Recent investigations in indicate that the excess of predicted settlements over 
actual settlements can be further decreased by considering m more ‘earefully the 
| diect of preconsolidation of a substantial thickness of the clay stratum by _ 


ONYROL OF SETTLEMENTS BY CoMBINING FLOTATION | AND STIFFNESS. 


_ ‘The interesting historical remarks by Professor Terzaghi on early applica-_ 
tions of the principle of flotation to the > design of foundations, and his discussion 

ifthe time lag between the inception of a new idea and its general acceptance, a 
eplain why tl the profession has so overlooked Che method for almost one hu hun- 7 
dred years that it had to be rediscovered. = 
the question: Why i is not more use made of | this method i in the design of modern . 
buildings? The writers believe that the p principle of flotation by itself is ; not 
‘ufficient | to design satisfactory fl floating foundations for large buildings on soft 
ound. Just as ) ships require stiffness to withstand fluctuating support and 
variable so must buildings floating on soft ground be designed to 
rithstand “nonuniform support and loading. In this connection, conclusion 

5) of the paper deserves to be underscored. The problem of the design of 
eh foundations is by no means solved in a completely satisfactory manner. 
Cooperation between architect and engineer ‘should lead to novel and 1 more 
practical designs in which full use is made of the superstructure in obtaining 
; If those structures are excepted in which functional requirements d demand 
teavation at least equal to the weight of the structure, the method of flota- 


tion would probably be worth while only for very heavy structures, or struc- 


tures with nonuniform load distribution 


. ®“Observations and Analysis of Building Settlements in Boston,” by R. E. Fadum, a thesis submitted 
‘the Faculty of the Graduate School of Eng., Harvard Univ., Cambridge, Mass., in May, 1941, in partial © : 
“ment of the requirements for the degree of Doctor of Science in Engineering, pp. 237 and 238. — 
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Z 
FADUM ‘ON BUILDING FOUNDATIONS © Discussions 
Professor Zeevaert describes the pplication of an interesting and novel 
idea for compensating for the-dishing effect by decreasing the « depth | of the 
excavation toward the edges of the building, thus assuring a more uniform stress 
distribution in the underlying soil. This method is theoretically sound and it 
4 would be worth while to have the details of this design made available to the 
profession. — Professor Zeevaert expresses the opinion that heaving due to ex- 
P cavating in very soft t clay is mainly caused by lateral plastic 1 flow Tather than 
by vertical expansion of the underlying clay. . This is is | probably correct for 
Mexico City, although at the site of building II it was proved that the ground 
lost because of 1 minor - subsidence of the immediately adjacent street surface 
was of the same order of magnitude as the volume lost because of outward 


‘movement of the sheeting. The volume of of the heave over the entire building 


‘The writers concur with Professor Tschebotariofi’s sme ; that, under 

different loading and soil conditions than those at building IT, apmpente: 
a following swelling may not be completed during the construction period. © 
Wilson suggests | ‘an interesting foundation design, which is 

more nearly to satisfy the ‘Tequirement that the building load should be re- 


Founpations VERSUS. Drep 
The writers agree fully “with Mr. White that deep fi foundations, which trans- 


fer load through soft clay on to hard underlying material, are “are preferable to 


than that of the latter. . 3 However, it was s not the purpose of the paper to dis- 
- euss foundations in which settlements are eliminated by carrying the loads on 
_ practically incompressible materials, but to present some applications of soil 
~ mechanics to the design « of foundations which transmit load on to soft soil. 
% ‘The question as to when deep foundations should be selected ea also beyond 
= For both buildings described, a pile « or caisson foundation to rock would have 
been much more expensive than the floating foundation. _ For building Il 

;  megaaatioes e cost studies were made for steel piles to rock, for caissons to rock, 
oe for the floating foundation. These studies left no doubt that a deep 
foundation would be much more expensive than ~ floating foundation. A 


“Greater B Boston where similar subsoil conditions considering 
the value of the additional basement space provided by the floating ‘founda- 
tion, the comparison is still more in favor of the floating foundation.  —> 
It was intimated in the discussions that only on the basis of detailed soil 
investigations, as conducted for these two buildings, would it be possible to to 
“design satisfactory floating 1 foundations. However, most of these investige- 


tions served to analyze the settlements for foundations of a conventional type. 


Ma 
Th 
| tial 
ing 
Ing 
nec 
the 
cau 
to i 
— 
renc 
per 
relia 

sure 
ject 
di 
that 
‘te 
whic 
1 | 
let 
f 
Ol ea 
og 
ite 
i 
mad 
preps 
— 
— ney 
— form, 
— value be compared Uv 
a j- actual cost of considerably more than twice this amount for a foundation to bch 
— bes 
— 

a! 


March, 1944. FADUM 369 


vel These studies showed that wh foundations would result in excessive differen- 

he @ tial settlements. Could it have been possible | to decide beforehand on a float- 

ess @ ing type of foundation, most of these soil mais ot mal would not have been 7 

ian retrospect, several conflicting statements appear rather prominently i in 

for the discussions. On close scrutiny one finds that: many of these conflicts, are 

ind caused by a scarcity of reliable observations. 

ace Mm «© The designer is often confronted with the dilemma of whether to put more 

ard @ trust in observations whose a accuracy he n may have reason to doubt | or in a 

ling theory w which at best is a crude approximation. A \ theory can be modified to 7 

‘yield such a sufficiently wide range of results as may reasonably be expected 

der Mm to include de the a actual al conditions. An observation is an empirical fact with 7 

sion which one cannot : argue, unless one is thoroughly familiar with all the — 

a i Many observations from field and laboratory are subject to errors which 

ded render them valueless or actually misleading. example, only a small 


vercentage of measurements conducted with pressure cells can be Hare i 


reliable. ’ _ The measurement of pore-water pressure | in clays is assuming ine 
easing importance, but it remains to be proved whether any of the ca 
measuring devices really give accurate results. _ Even the simplest field mea- 
Bow 

surement (namely, the observation of settlements) has occasionally been — 


ject to serious errors. Undisturbed samples of the same clay have been sent — 


a @ different laboratories for shear strength tests. _ The results were so far apart 
a J that an objective observer must greatly wonder about the confidence with 

thich such data were used in “accurate” stability computations. — Therefore, 

F soil kt the frequently heard call for more observations and research on the behavior 

“a af earth h works : and foundations b be > tempered | by emphasis on quality rather than ~ 7 

"| Acknowledgment. —The data from explorations of the clay” deposits at the 

hae tite of the Mystic Power Station are used with the permission of the e Boston 

ng Il iison Company and Jackson and Moreland, Engineers, for whom the writers 

vel nade these investigations. 7 The writers wish to thank R. . P. Burden, of = 
deep Staff o of the Harvard Graduate School of Engineering, for his assistance in the 
oi meparation of material and review of the text for ‘this closure; and J. A. i. De- 

vr the liney, of the | staff of the Harvard Soil “Mechanics Laboratory, for the e per- 
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EFFECT OF TURBULENCE ON SEDIMENTATION 
BYH.B.S SOUTHWOOD, STANDISH HALL, AND WILLIAM E. DOBBINs 


B. Sovrwoon," 13 Esa. #¢—Although limited i in scope by the Necessity 


author’s study provides additional verification and extension of principles 


forming the basis for the largely qualitative analyses on which the engineer 


must often depend when he — with problems of open- channel flow involving 
sediment transportation and deposition. . The definition of any of the factors 


relating to these phenomena, however circumscribed may be the conditions 


under which the analysis is made, is a step forward ‘and eliminates at least 
some part of the guesswork included in the process generally termed “engineer- 


ing judgment” or “engineering intuition.” The author’s rational approach 


_ resulting in an expression of the relations between such factors as concentration 
at any point, pickup, hydraulic conditions at the t bed, and characteristics of the 
bed material, certainly constitutes such a forward step. Direct application 
of the results to the solution of practical problems must necessarily await t the 
formulation of methods w hereby turbulence can be classified, evaluated, and 
measured. Further investigations of turbulent suspensions may result i in the 


ele 


eink 6 of relations that will permit the measurement of turbulence by 
means of sediment observations. The development. of a relatively simple 


field technique based on such relations would be an invaluable tool in the 
study of natural streams and other openchannels, 


: Regarding the observed lack of conformity between experimental data and 
theoretical values as plotted in Fig. a the two factors mentioned by the 
author (upward transportation of material | when the the cylinder was dropped, 
and pickup of the material lodging on the grid surface) are considered to 


to have contributed the » of observed concentrations in 


_excess of plotted theoretical values. 


a Nors.—This paper by William E. Dobbins was published in February, 1943, Proceedings. Discussion 
7 2 tie paper has appeared in Proceedings, as follows: April, 1943, by A. M. Gaudin; May, 1943, by John 
own; June, 1943, by Messrs. H. A. Einstein, and Thomas R. Camp; October, 1943, by } —— 
Gast H. Keulegan, C. W. Thornthwaite, and A. A. Kalinske; January, 1944, by E. R. Van Driest; an¢ 
8 Chf., Hydr. Section, Dept. of Public Works, State of Louisiana, Baton Rouge, La. 


Received by the 31, 1944. 


AME 
ger 
| 
— 
— 
4 
a 
P 
i 
8 
st 
= 
8 
4 

tr 
T 
1. 
T 

0. 
8a 
st 

q 

— 
— 

be 

| de 
— 
AP 
— 


March, 1044 ON TURBULENCE AND SEDIMENTATION 


sit ) The use of an arithmetical average value for in the 

computations may result in erroneous positions of the theoretical curves. A 
range in values of from 0.150 em per sec to 0.344 em per sec appears rather a 
wide. Analyses of individual samples obtained during the course of the the run 


; probably would have given some insight into the effect of this factor. perma 
(2) The method of sampling is subject to errors which may be sufficiently 


great to account for most of the deviation noted in Fig. el The description on of | 
sampling procedure inc indicates that flow through the dehen' was ‘in progress for 
12 sec to 18 sec prior to beginning of collection of each sample. - This should 

be a sufficient period for the establishment of a field or zone of undetermined : 
— lateral and vertical extent in which the pattern of turbulence would be distinctly ; 
altered by the velocities: of the converging flow entering the siphon tube. 7 
Since these sustained velocities undoubtedly had substantial upward com- 


ponents throughout the major portion of the affected field, it follows that 


SS 


a concentrations of suspended r material entering the sampling tube would be in 4 
sity excess of those e: existing at the same elevation in other portions s of the e container. : 


ples STANDISH Haut,“ M. Am. C. E.4«—Although the tests and theory _ 
neer _deseribed i in this paper are poe intended for application i in the design of : 
ving - settling basins, , the author indicates that the same principles may be used for. 
tors studies of sediment load in natural streams. A modification of the formulas 


ions = be required before such a general application could be made. — The author 


east states that- “the: simplifying assumptions involved in Eqs. 17 may introduce. 
eer- - large errors when n applied to the case of a natural stream.’ ’ Thisi is undoubtedly 

tion The settling rate of suspended particles c conforms with Stokes’ law, (25). ub 


f the - The lucite used by Ensign Dobbins in the « experiments had a specific gravity ‘of 
i 1194 as compared with a specific gravity of 2. 2.65 for normal s stream ‘Sediment. _ 
The diameter of the lucite particles ranges from 0. 138 n mm to 0. 216 mm. _ By ‘ 


] Stokes’ law, these | diameters would correspond to diameters of 0.048 mm to 
0.075 mm for stream sediment of of the usual specific gravity. 


Suspended ‘sediment in stream channels normally is composed predomi- 
nantly of silty loam with th some percentage of clay and some percentage of f fine 


sand. Medium or coarse sand, gravel, and boulders ordinarily 1 move on n the 


‘cates that normally 70% to 80% i is of a smaller diameter than the equivalent of 
the lucite; also, that from 10% to 20% is of larger diameter. _ Therefore, the 
tests are indicative of the performance of larger sizes of suspended sediment in 


Tn | the transportation of sediment ii in n stream channels, the movement of th 
bed load absorbs a part of the > momentum. he This action n undoubtedly influences 
“the relation between the suspended load and the total load, so that the latter a _ 


“depends on on the relative quantity of each type of load carried in the stream — 


oh Hydr. Engr., East Bay Municipal Utility Dist., Oakland, Calif,§ 
“a Received by the Secretary February 2, 1944. 
Numerals in parentheses, thus: (25), refer to corresponding items in the Bibliography (see 
“ek 1) of the paper, and at the end of discussion in this issue. 
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channel. - Without some such explanation, it is is difficult to interpret the results 
a of actual measurements of silt load . For example, the maximum concentration 7 

7 of sediment usually « occurs prior to the peak discharge; and the sediment load 
carried by a stream varies between a rising a falling stage, being g1 greater 

the former, and also varies with the same discharge between different storms (26), 
More study is required on the larger problem of the distribution of sediment 
particles in a natural stream channel because of the greater number of variables" 

that must be introduced. Notwithstanding 1 the limitations of 1 the formulas, 
Ensign Dobbins’ paper is a valuable contribution to the theory of sedimentation. ; 


portant suggestions have been revealed i in the discussions of this paper. The 


ultimate solution to this difficult problem is still to be found. principal 
J difficulties lie in obtaining the : solution to the general f form m of the differential 
equation and in finding the complete between the rate of pickup 


ported progress on the latter problem. 
If these difficulties can be overcome, the resulting equations undoubtedly — 
will be very cumbersome. However, its is m much better to in introduce simplifica- | 
tions after the correct solution has been found than before. re. Long s and tedious 
_ calculations need be made only once since the results can be preserved i in the 
- form of tables or charts. The writer hopes that he n may y have contributed some 
ideas that will help othe others who are working on this and other related problems, 
“Applied Fluid Mechanics,” by Morrough OB Brien and George eH 
Hickox, McGraw- Hill Book Co., Inc., New York, 1937, p. 189. 
- al Wag Study of Methods Used in Measurement an and Analysis of Sediment 
Loads in Streams,” Report: No. entitled “Field Practice and Equip- 
- ment Used i in Sampling Suspended Sediment, ¥ St. Paul Engr. Dist. Sub- 4 
Office, Hydr. Laboratory, Univ. _of Iowa, Iowa City, August, 1940, pp. 


Ensign, CEC-V(S), U.S.N.R., Woburn, Mass.” 
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Mocxmore, a M. E. Professor 
Robertson records that well- Tl textbooks on hydraulies present data and 3 
make statements inferring that the filament of maximum velocity is always : at : 


nee the outside of of the bend and that, in fact, “the filament of ‘maximum v velocity 
_ is initially, and, for most of the way sound the bend, near the inside of the | : 
he 


bend.” The maximum velocity filament is at the inside inside of the bend initially, 

but is veal there x near the end of the bend, either in an open or a closed channel. 7 4 

In addition, Professor Robertson presents the results of some very fine experi-— : 

ments which he conducted at the University of Illinois in Urbana with closed 


‘Pipe bends. Fig. 18 is especially interesting and valuable. 


attempt was made by the writer to evaluate a and as presented by 
im Johnson and Selim. The reason for leaving: this. study out of the pa paper 4 | 


is given in their comment—‘‘the data for "only th three Stages a are not enough to 
warrant any conclusions.” 
b Mr. Nelidov applies the theory | of gyroscopic motion to flow of a fluid 
“around « a bend. The theory works well with solid bodies, but it is difficult to 
‘ee a clear | picture of its application to a stream of water flowing ‘around a 
bend where there are myriads | of f exceedingly small particles, molecular in size 
cand not rigidly affixed to one another. 
Several interesting questions on the ‘ “strength” of the in an 


“had they been present when the apparatus shown in in Fig. 1 was in operation. 
be the answers must await further researches. 
_ There seems to be a slight misconception of the asst ptions for the e mathe- 
‘matical analyses. The writer does not assume “that spiral flow comes 
suddenly into existence at the point of tangency and remains constant around 
“the NOT .—This paper by C. A. Mockmore was published in March, 1943, Proceedings. Discussion on © 
paper has appeared in Proceedings, as follows: September, 1943, by Messrs. J. M. Robertson, and Joe 
W. yo nnson and M. A. Selim; October, 1943, by L. Nelidov; and Dece r, 1943, by 8. M. Weedeusd, 
@ Prof. and Head, Dept. of Civ. Eng., Oregon State College, Corvallis, Ore. - 
"Received by the Secretary February 2, 1944. 


“ight to contemplate the questions which these discussers ion have asked 
on. 
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they were permitted to continue that behavior in a tangent to the bend of the 
_ channel. - At any other downstream section an entirely new set of flow | aed 
The) writer has read the article by Messrs. Blue, Herbert, and Lancefield * 
_ describing a detailed study of a full- -sized river bend, and appreciates not tek 


af paths various of water would take 


iy 


/: value of the work but also the hard labor rand the e occasional hazards parged 


a boat into a mountain stream (once at flood stage) 1 Ww while attempting to eo 
a _ river flow data. The writer firmly believes that the fundamentals of stream 
flow can best be studied in the laboratory, ‘and second best in the field. — ». 


86 “Flow Around a River Bend Investigated,” by F. L. Blue, Jr., J. K. Herbert, and R. L. Lancefield, 


er 
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By OLE SINGSTAD, / 


OLE Srnestap M. Am. Soc. C. Th 


raised in them, have contributed much to the value of the | paper. ‘The writer 
appreciates the complimentary _Temarks regarding the paper made by the 
discussers, and he is particularly gratified that no less than six of his former 
associates in the planning and building of the Holland Tunnel have taken part 


East Riv er and that of the Hudson River, describing the causes of the variations 

in character of rock and the porous nature of the overburden i in the East River 
which account for the increased hazard, slower progress, and higher cost of 7 
building a tunnel under thé East River as compared to the Hudson River. _ 

¥ _ Mr. King suggests an interesting experiment to determine whether a i? 
lastic backfill ‘such as clay, with perhaps a small admixture of bentonite out- 

side of the tunnel lining i in rock, instead of grout a1 and gravel, would m make the 7 _ 

lining m more nearly w atertight. if practicable, this would undoubtedly be an 

aid to ‘the Ww vatertightness of the tunnel. - This kind of fill, however, would 

| greatly reduce the passive lateral support of the mavwantiog material. The 

light i cast-iron lining is designed t to withstand, in _ addition | to the hydrostatic 
pressure, a load of 10 ft of loose rock above the top » of the tunnel, assuming full 


seperti at the haunches by grout and gravel. If this full support i is removed 


tresses and deflections are indicated. To meet such a 


blocking or supports ‘might | be meen’ between the outside of the lining and 
the rock as required, although this would not always be practicable. linia iatals 


Mr. Wagner makes an analysis of the operating costs of the Queens com- q 
pressor plant of the Queens Midtown Tunnel. The observation is made that it — : 


 Nors.—This paper by Ole Singstad was published in March, 1943, Proceedings. _ Discussion on this ‘ 
taper has appeared in Proceedings, as follows: May, 1943, by Messrs. Thomas W. Fluhr and Howard L. 
King; June, 1943, by Messrs. Francis V. Wagner, William J. Wilgus, and 8. A. Thoresen; September, 1943, 
by Messrs. H. G. Cruthers, Leo Geenens, Charles E. Conover, Edward Levy, and Robert F. Legget; 
November, 1943, by Orrin L. Brodie; and February, 1944, by A. "A. Eremin, and Arthur 8. Tuttle. ai 


%Chf. Engr., New York City Tunnel Authority, New York,N.Y. odd ai 
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is e fined that are important i in considering construction power-house 
costs and that s savings made in them are of more importance than economies in co 
en 


_ The tunnel engineer’s chief responsibilities with regard to the power house 
are (1) to provide a compressor plant of sufficient low-pressure air capacity to be 
_ adequate for the worst conditions anticipated, and (2) to assure continuous: a 
—— n. Economy of fixed costs and operating costs must be c considered, but 

it is of secondary importance t to these requirements. ; An experienced tunnel Nc 

engineer may be able to make a reasonable estimate of the required average 


compressed. air ‘capacity of ofa proposed plant, but. sucha would generally 


of the Pennsylvania Railroad Tunnels, w hich had been constructed near- by 
q through somewhat the same materials as the Queens Midtown Tunnel. Even 
es = this basis of comparison it was difficult to anticipate the Queens Midtown 


Tunnel requirements, as s its diameter (31 od differed considerably from that o of 


446 


? three independent Power sources were provided for each compressor a af 


ketal al experience in in driving the Queens Midtown Tunnel demonstrated that 
os low-pressure ¢ air capacity provided on the Manhattan side was none too 


great, whereas the low-pressure | air capacity of the plant on the Queens side 


_ might have been made less without jeopardizing the work. - he writer cannot 
agree with Mr. Wagner’s statement, however, that the side of this 
7 pa tunnel was in exceptionally good ground for tunneling,’ ’ although the ground 
was much better than that encountered on the Manhattan side and generally 
‘somewhat better than been anticipated. Most of the large- diameter, 
shield-driven tunnels constructed prior to the Queens Midtown Tunnel had 
been driven i in w what could correctly be be described as exceptionally good ground 
- for tunneling, consisting largely of i impervious silt and clay, vastly superior for j 
— tunneling to the ground encountered on the Queens : side of the Queens Midtow no 
: Tunnel. Among these tunnels the writer would include the Holland, Lincoln ' 
_ East Boston, and Antwerp tunnels and the shield-driven sections of the Detroit- 


nnels an id-driven se 


_ Predetermination of the required capacity of a , compressor plant to meet 
: exactly the low-pressure compressed air Tequirements is practically impossible, 
especially for a tunnel diameter as large a as that of the Queens Midtown Tunnel 

and with similar ground conditions. The tunnel: engineer ’s judgment, 

- determining the pr proper capacity to be installed, must be guided by | ‘ey 

_ tions of a margin o of safety to _ eet emergencies wh which are more important tt a — 

wit Wilgus raises several The quantity o of le leakage 
during winter months is too small to be measured, and d during the summer r there 

is no evidence of any leakage. The objection to: sacha a small amount of leakage halts‘ 

in the tile-finished interior of a yenne vehicular tunnel ‘is — if not ered 


entirely, o on the basis of appearance. = 
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The estimated cost of the Queens Midtown Tunnel compared with the actual 
cost i is the ‘estimate made at the outset i by the writer: when en acting as consulting 


engineer to the Tunnel | Authority before the engineering 1g staff was organized. 


TABLE 6.—CoMPARISON OF Costs AND CONSTRUCTION INDEXES 


| Holland |— 


Contra 


cts let 1922 1922 > 4 1934 


Percentage cost per cubic foot... 


Baste Lanon Raves 


Muckers, dollars per day 
Ironmen, dollars per day 
Miners, dollars per day 
Average, all sandhogs 
_Index number (Holland Tunnel, 100). 
Tunnel laborer, dollars per h 
Form setter, dollars per hour 
anne, and concreting (Items 9 


1-70 73 | 221 | 221 
35. 5680 | 61.20 | 60.70 


Construction cost (1922 = = 100): | 
Materials cost (part of Item 16). 
Materials cost (1922 = —. 


1130 + 140° 
88 103 

111.5 4 Be | 130.6 


¢ 

OLLAND TUNNEL = 100) 

rr 


143 at 


The 8s payrolls aggregated $1,287 per foot of cast-iron lined shield-driven tube, exclusive of 
= and including concrete lining placed under river contract on the Queens Midtown Tunnel, or as — 
per linear foot as the total cost of the same work on the south tube of the Lincoln Tunnel. & De- — 
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It was — on ee plans and ‘and made 2 at , the ti time e of application to the 7 ; 


ss The « cost per linear foot of cast-iron lined shield- driven tunnel, exclusive of 
vers 
shafts and including concrete lining as placed o on the river contracts, is given 
in Item 1, ‘Table 6(a), for the Holland Tunnel, as 0 of 1922, , the south tube of the 


the Queens Midtown Tunnel, as of 1937. The respective ote per 
foot of tunnel are given in Item 2 and, on he: basis of 100% for the = 

‘Tunnel, the respective percentage costs are given in Item 3, Table 6(a). - tel 
_ The index numbers in Table 6(f) are based, _ for material (Item 1 25), on the 

cost of cast-iron lining (Item 15, Table 6(c)) and concrete per per ‘ cubic foot of tunnel 

and, for labor (Item 24), pn the e basic labor rates for : sandhogs (Item 7, Table 

4 6(b)) an and for the labor used in cleaning the tunnel and concreting {item 11). 
Using the index numbers in Item 26, Table 6(f), the costs of the Queens | 


_ Midtown Tunnel, reduced to Holland Tunnel conditions (1922), w were as follows: 


Tunnel basis) (1922 = 100) f 
Lincoln Tunnel, south tube. . «62 
Lincoln Tunnel, north tube. .. | found 
Queens Midtown Tunnel. . 150 d 


south tube of the Lincoln Tunnel would have cost 62% as much as the Holland — 
Tunnel per unit, that of the north tube of the Lincoln Tunnel 78%, and that of be 

ee * should be noted that these Sinaia’ in cost, as adjusted for the labor 
_ and materials indexes, . are applied to the shield- driven river sections only and 
n be accounted for practically i in their e entirety on the following basis: | in 

The Holland and Lincoln tubes were constructed through substantially t the 

» = ~ kind of ‘material, namely, Hudson | River silt . As the Holland Tunnel w was | 
the first large tunnel built under the Hudson River, there was much uncertainty 


the time of the construction of the Holland Tunnel, the ‘Tiver section of the 


as to the behavior and stability, of such a large tunnel in this s soft ; material 
during the construction period. Therefore, the bid prices were high, but in 
view of the uncertainties, not unduly high. During the driving of the Holland 
Tunnel, after experimentation, it was found that only about 20 
of the material displaced by the tunnel had to be taken i in 1 through the face of 
| shield, and approximately 80% could be pushed aside by advancing 
‘shield through the silt. . This two distinct -advantages—namely, fast 
"progress ss with correspondingly reduced cost, and stability. It was found that 


leaving the 20% of the displaced material in the bottom of the tunnel until 


shield driving was completed, the weight increased the stability of the tube | 


whieh, during the disturbed condition attending the shield drivin ng 


buoyant tendency. When the south tube of the Lincoln Tunnel was being 


built, this exploratory « or pioneering | work on the Holland Tunnel \ was used to 


I 
| 
| 
| 
| 
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. advantage by the contractor in adapting his: tunneling methods from the 
start to th the e experience gained on the former project. The contractor’s manager-— 
 oeaes on the Lincoln Tunnel was” a former resident engineer in charge of 
~ building the Holland tube on the staff of the chief engineer of the Tunnel Com- — 
missions. In the building of the Lincoln Tunnel the contractor developed a 
- mechanical bolt-tightening device which greatly increased progress, since > 
muck was transported out of the tt tunnel until after the tube construction was" 
completed. . Thep progress was then a function of the speed with which the: iron 
rings ¢ could | be erected and bolted 1 together. — If another similar tunnel in 1 ma- 
terial such as Hudson River silt were to be built by experienced tunnel engineers — 
and contractors, the cost of the ° under-river § section of the Lincoln Tunnel south 
tube would be a truer basis for cost esti mating than that of the Holland Tunnel. 
i: In the case of the Queens Midtown Tunnel, which is the last one to be built, 
he cost as adjusted for the labor and material index (Item 26, Table 6(f)) 
is very much in excess of that of either of the Hudson River tunnels, and al 
: can be ascribed in its ts entirety to the extremely difficult and hazardous s ground . 
conditions « existing | ona a great part of the Queens Midtown Tunnel site, which © 
impeded progress and caused higher air pressures, with correspondingly reduced 
daily w orking hours for labor with increased daily r rates. ain Wes 
ae contract for the north tube of the Lincoln Tunnel was let under ap- 
"proximately the same labor and material cost conditions as the Queens Midtown 
- Tunnel shield-driven section. The fact that this tube was driven alongside the 
already completed south tube accounts for its higher adjusted cost as compared 
Mr. Thoresen states that careful thought has been given to providing the 
weling public with an ‘ ‘attractively finished, well lighted, , pleasant, and 
comfortably ventilated subaqueous highway. ‘The writer has long been an 
“advocate « of this kind of treatment of vehicular tunnel projects, as reflected in 
+ development of the use of a tile finish on the walls of the Holland Tunnel. | 
At the time of the building of that tunnel, no tile was manufactured in the 
- United States which was deemed suitable for the severe moisture and tempera- 7 
} ture conditions that would prevail in a tunnel i in this climate, and an extensive 
-Tesearch ‘program was conducted with the assistance of the late George H. 
- Brown, , professor and head of the Department of Ceramics at Rutgers Uni- 
versity, New Brunswick, N. J. Extensive laboratory an and field tests were made 
' ona large number of tile samples manufactured in the United States and abroad. 7 


This resulted in specifications which produced a wall tile not only pleasing in 
appearance but easy to clean and durable. One half of the tile used on the walls 
of the Holland Tunnel was imported and the other half was manufactured in the 
- United States. The research work on tile and the requirements “specified for 
the Holland Tunnel have stimulat ted the domestic tile industry so that this high - 
The trench and pre-cast type of tunnel design and construction,-on a scale 
larger than a any y heretofore undertaken, is 's contemplated for the Nasrowe Tunnel | 
between Brooklyn and" Staten ‘Island, where conditions that this 
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ali Both Mr. Cruthers and M . Geenens correctly state some | of the Teasons for 
the greater | economy in the operation of the Queens Midtown Tunnel as com- 
Conover “very appropriately emphasizes the point that the 
| Midtown Tunnel is merely one link in an east-west express highway route } 
running through mid-Manhattan and extending far out on Long Island and d into ) 
the State of New Jersey. ! From its very inception, in 1926, all those who had | 
made a comprehensive study of traffic conditions in the / metropolitan area @ tu 
realized the necessity for such a through highway. Te his route comes under 
"many juriedictions—the state highway departments of the states, the 
- parkway authorities, the borough presidents of the 1 various boroughs, the De- 
partment of Public V Works of the City of New York, and the two authorities 
charged with the responsibility of financing and building the river crossings. — 
_ Although, as of 1944, the two principal links in this route—the Lincoln 
‘Tunnel under the Hudson River and the Queens Midtown Tunnel under the 


7 East River—have been in operation for a period of six and three years, , Te 


- spectively, very little else has been done to complete this through route. In 


fact, only about two miles of modern highway have been built—namely, that 
part east of the Queens of the Queens Tunnel | vhich 


ltl ‘Mr. Conover expresses the hope that the New York City « authorities will 
_ include a crosstown tunnel connecting the two river tunnels as a postwar pro- 

ject. _ The writer is in accord with tie hope. _ It would be a rational develop- 

menbal the city’s highway system. Other missing links in this through route, 
particularly extensions farther out on Long Island, should be included. ! 
During the } past decade, 1933- 1943, lew York City has been preoccupied 


-“pleasure’ ’ traffic: that i is, 3, passenger care. ‘Commercial vehicles of every kind 
have been excluded. . Scores of millions of dollars have been spent for this type 


of highway, with the result that there has not been enough money left to provide 
modern highway facilities” for business traffic. Commercial traffic still 
_ shackled with the stop-and-go lights almost as much as it was twenty years 5 ago. 
Ith may ay have been assumed by those responsible for this policy that, by removing 
a large amount ¢ of passenger cars from the streets and placing them on ‘express 
_ highways, there would be that much more room for commercial traffic on the 
streets with the stop-and-go lights. Experience has demonstrated, however, 
=. ‘that this is only partly true because, with the new facilities for the fast move- 

‘ment of | passenger cars, there is : also a corresponding increase in n “pleasure” 
- driving. It is to be hoped that much more attention will be given in New ; York 
City to high-speed roads for mixed traffic than has heretofore been the case 
otherwise the increased cost of t of doing business here due to traffic delays i is certain 

. bode. Conover refers to the’ West Side Plaza and the East Side (Ptess dev veloped 
for the Midtown Manhattan Tunnel by « cooperation, in the first case by theg 
engineers of the Board of | Transportation and those of the ‘Port of New York§ 


Authority, and i in the second case by the e engineers of the Board of Transporta-§ 
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tion and those of the Borough President of Manhattan. He states that the 
East Side Plaza adopted by the New York City Tunnel Authority differs radi- 
cally from the plan developed by the Board of | Transportation. . This i is also oe 
ens § true of the West Side Plaza. _The plan developed jointly by ‘the engineers of 4 


ute @ the Port Authority and the Board of Transportation and recommended for 
had four exits and enteenaes of the twin Hudson River tubes and of the Manhattan 
1rea § tubes on the easterly line of 10th Avenue in the two narrow blocks between 37th 
\der and 39th streets. The writer, who at that time (1931) was one of several con-— 
the J ‘sulting engineers - the Port Authority, after analyzing that plan, pointed out 
De- @ that such an arrangement | would create unsatisfactory traffic conditions, with 
ities J resultant congestion and confusion on the four tunnel approaches an wil ¢ as on 
Ss. the -adjacent city streets, particularly on 10th Av Avenue. " ‘The plan violated w what 
coln the writer considers a fundamental principle—namely, that eastbound traffic 
the @ and westbound traffic should be separated as much as possible. i The writer also 
, Te @ pointed out that the plan was unnecessarily costly. As a result of that analysis >: 
- In @ the plan was not adopted and a re-study was ounde by the staff of the chief 
that engineer of the Port Authority. In September, 1931, that staff produced a new 
hich @ plan eliminating these objectionable features as well as ; effecting an an estimated 
ig of saving in cost of construction and real estate of more than $10, 000, 000. 0. This 


plan was. endorsed by all ‘concerned, including the writer, and the tunnel 


ror) by Although the through route from Long Island to New Jersey has been slow 
elop- §@ in emerging in complete form, it is gradually developing step by step. Another 
oute, | ection of highway about three miles long, to be built from the easterly end of 
[tte present highway extending from the Queens plaza of the Queens Midtown 
ipied (i Tunnel, is included in New York City’s postwar program. It was recognized 
se of im ftom the start that each link should form a . part i ina 1 through express highway, 
kind md the links so far built or authorized fit into thisscheme. = = © 

type ‘The writer is in accord with the y plans ¢ of all sections so far built or authorized, 
ovide vith one exception. The New w Jersey. approach to the Hudson River tunnel, 7 
still involving | on the main route a corkscrew spiral with a continuous lift of 268 ft 
S ago. fom under the river to the top of the Palisades, coupled with curve s having 
oving iM ndii of less than 300 ft for as much as one half of the complete siden loop, 
press m8 not up to the standard of modern highway ay requirements, especially ras com- 
vevel, An more detailed description of the various s elements involved in the c 7 


move- i tast-w est route (of which the Queens ‘Midtown Tunnel is a link) and their de- 
sure” lopment i is given in the writer’s more complete | paper filed i in the Engineering 
; Iti is true, as Mr. Conover states, that the , success 0 of a vehicular tunnel de- 
rends largely on the plaza layouts together with the approaches. 
_ The suggestion that the tunnel avenues for the Mid- Manhattan Underpass 
hould correspond, for exit and entrance traffic flow, to the ne new avenues for the — 
ueens Midtown Tunnel was given considerable study. The conclusion reached 


that this arrangement would be expensive e and impracticable. Although it 
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would provide a i slightly simpler traffic flow at some intersections , the disadvan- 


_ Automatic control of ventilation for a a large tunnel, such as the Queens 

Midtown, would be an added expense with no saving or advantage gained, be- 
4 cause an operator would have to be on duty at the remote control buttons at ; 
all times. © Peaks of short | duration would result in a great deal of fan- = 


shifting if automatically controlled. These peaks can be “ “Groned out” with 

manual operation. © The Oakland- -Alameda Tunnel has (or had) automatic 

~ control. Automatic control is deemed advisable only on short and less im- 

tunnels where such. operation actually will save manpower on the 

~ City fire apparatus has often passed through the Queens Midtown Tunnel, 

“not on fire duty, but for access to the repair shop in Long Island City. No 


difficulty has been experienced on ‘account of clearances. One lane only 
“necessary for the city’s | even on the 


=> 


“construction of the. Queens Midtown Tunnel to | protect the men against com- 
pressed air illness, and also certain experiments which were undertaken, having 
= mind the development of better protection of the men from a medical point 
As one result, of the investigations made on helium- n-oxygen mixtures, the 
- installation ; and use of apparatus for the alleviation of ear block is specified as 
_ & requirement on the compressed air work on the Brooklyn- Battery Tunnel, on 
which work is now (1944) temporarily suspended ‘on account of war conditions. 
«Tf the results prove to be as satisfactory as anticipated, it may well be that the 
installation and use of apparatus to alleviate ear block should be 2 a standard 
for future compressed air tunnel w work, 
On the basis of past experience, and especially the experience on the Queens 
 Midtews Tunnel, Dr. Levy suggests further study in 1 regard to the present re- 
- quirement of the New York « State rules for the installation of a second tunnel 
bulkhead when p1 pressures res exceed 21 lb pe per sq in. . The double bulkhead method | 
of decompression did not show any advantage over the use of the single bulk- 
head on the Queens Midtown Tunnel in so far as the incidence of “bends” cases 7 
is concerned, and it seems appropriate to suggest that the present r regulations 
might be ‘modified advantageously to require that a second bulkhead be used — 
as required by considerations of safety depending upon the physical : conditions 
rather than upon any given air pressure i in n the tunnel heading. r On the 


— 


regulations. As the headings entered full rock section in the rock reef approxi- 


aly nly 000 ft from the first bulkhead, serious consideration could have 
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- beneficial, seems to the w riter to be a matter for further experimentation. 
appears: that Dr. _ Levy makes a pertinent statement in this connection when “a 
writes, ' In fact, it well may be that the fast initial drop of pressure in this — 


_ method of decompression actually induces tl the beginning of the formation of t the 
air bubbles that are the cause of compressed air illness.” 


be Dr. Levy also suggests that further study be given to working one shift of six 

hours rather than two shifts of three hours in low pressures up to 18 lb per sq in. 7 

and possibly higher. _ Although 1 this would be an interesting experiment, there 


may | be some practical objections to it in actual practice. It may be question- " 


able whether a man working six hours continuously, regardless of whether 


not he is working in compressed air, would produce a satisfactory Six < hours’ 
work. ¥. There is a present- -day i in certain industries to give employees 

: short. rest periods at various intervals s during the day to offset fatigue. It may 

be questioned whether aman working six hours continuously would be o operating 4 


hannndine i in tunnel work where alertness and ldenay 02 are e required at all time mes 


Professor hasr. raised several pertinent questions: Ther ratchet w wrenches 


4 weenches have been considered for use on the : Brooklyn- Battery Tunnel, where a 


Pe minimum a bolt stress spe specified i is 30,000 lb | per s sq. in. i” It v was found that there 


ees and one was ordered to be constructed sper specially. lr impos- 
- able to get this wrench on account of war conditions. If the trial had proved 
successful it was contemplated that inspectors of the Tunnel Authority would 
be provided with torque wrenches and would spot-check the bolts for tightness. 
_ It was considered impracticable | tou use torque 1e wrenches f for the actual tightening. 
a In experimenting to determine the torque necessary to produce a a given 
4 stress, it was observed that there was quite : a range in the frictional behavior of 
Gifferent combinations of bolt, nut, and washer. This” would be expected, 


especially since the bolts are forged and the threads rolled. In this process 


threads are sometimes burred | in packaging and handling, and the nuts wal 


ie When conditions permit resumption of construction work on i e Brooklyn- 
Battery Tunnel, the investigation of the use of torque wrenches. to test bolts 
4 _ The drainage system considered for the Manhattan plaza of the Queens 
4 ‘Midtow mn Tunnel involved excavating to expose the rock surface over the entire 


plaza. area, the construction of a fairly complicated system of drainage pipes, 


- falleries, sumps and pump chambers, and backfilling to subgrade of the invert 

slab with gravel. The heavy slab was estimated to cost little more than the 
_ drained d plaza, which involved more excavation, the cost of gravel backfill, and 
q higher u unit costs of concrete than the massive slab, besides the drainage system © 


. itself. As the cost was practically the same as that for the heavy slab design 


and there was an unusual ground-water condition 1 (ground water being as high ¢ as 

19 ft above mean high water at one point) the heavy invert slab was adopted as” 

involving no operation and maintenance costs. 
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blanket purposes is because it is a dense, erosion-resistant 
4 ‘material that can be obtained economically in the large quantities. required, 
This generally results in a clay being obtained from a near-by source. The clay 
used for blanket purposes on the Queens Midtown Tunnel had a weight of 115 
|b per cu ft and was ; dredged from Newark Bay, , @ previously ‘used s¢ — of clay | 
The volcanic clay referred to is a form of bentonite described as a type of. 
clay originating from volcanic eruptions and consisting chiefly of mineral 
montmorillonite, a hydrous silicate of aluminum. Itis found almost exclusively 
in the Black Hills region of the United States (South Dakota). It possesses in : 
high degree the qualities of absorption and swelling, and will re-swell after 
drying for an indefinite number of cycles. Its swelling properties are used in , 
retarding « or stopping the flow of water, and in the tunnel it was used as an aid 
- in the attempt to reduce the e escape » of compressed air through ; porous ‘material. 
Mr. Br Brodie’s analysis of the tunnel ring, together with the resulting design 
for the cast-iron lining of the Holland Tunnel which he describes, i is still repre- 
sentative of fundamental principles in this art. Very important is his state- 4 
- ment, ‘ “Subaqueous shield- tunnel practice: recognizes thet uncertainty of absolute = 4 
of. external loading, especially at critical times during construction.” 
There i is sometimes a tendency for theorists not familiar with practical shield 
tunneling to lose sight of this principle. Di ai 
_ The lining section actually used for the Holland Tunnel i is not to be confused 
with Fig. 18, “Cast-Iron Details, Heavy, 29-Ft Sections, Holland Tunnel. > 
£ outside radius of the adopted section was 14 14 ft 9 in. and i in some cases 15 ft 
2 in.; the web thickness was 13 in. increasing to 23 in. at the flanges. Mr. 
‘Brodie made it clear in his discussion that the lining shown in 1 Fig. 18 formed — 


“the basis of the design and analysis but that the modified sections, with the 


foregoing dimensions, were actually used. 4 The figure alone, however, might 
iy Referring to feature (8) of Mr. Brodie’s discussion, “effect | of transverse tie 
7 rods,” it ; may be pointed « out that the firm character of the material surrounding ; 
the | Queens Midtown Tunnel tubes made such permanent tie rods unnecessary, 
: except for the short stretches under tl the e Manhattan b bulkhead and at the 
In his letter of September 27, , 1943, to the writer, written only eight days 
before his death, Mr. Brodie requested that in this discussion mention be made 
of those who assisted in his work on the design of the cast-iron lining for the 
‘Tunnel, a8 follows: Henry G. Babcock, Assoc. M. Am. Soc. = 
James H. _M. Am. Soe. Jacob “Mechanic, Assoc. M. Am. Soc. 


od Some of the statements made by Mr. Eremin call for further co comments, and 


pressure in the upper part of the face of the tunnel heading. if the face of the 4 
— tunnel is in. porous material, the i imperviousness ‘of the blanket does not ac 
complish much in preventing the escape of air from the tunnel. As escaping 
_ air from the tunnel does find fissures and other such avenues of nage through 


a counterweight as against rupture c of river bed due to the air 
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the blanket, the blanket is eroded to an extent sometimes requiring constant 7 
replacement under these circumstances. _ If the blanket were entirely impervi- 
ous, air - would continue to ese escape from a tunnel heading in porous material and 
find its way out around the edges of the blanket. A dense and erosion- resistant 
ih Be the tunnel heading is in impervious material, the required : air pressure is 
generally less than theoretical hydrostatic ae and there is no unbalanced air 
pressure tending to blow out the river bed. Under these conditions a blanket — 
would not be necessary, eyen though the natural cover over the tunnel were 
‘not great. yer For this reason blankets and loss of air in shield tunneling are 
generally associated. To » the best of the writer’ s information , the blanket: used 
n, in the East Boston Tunnel was used to build up low spots i in the river bed, thus q 
d @ providing a uniform total thickness of cover of only 15 ft over the tunnel. 

1. Altogether only 7, 200 cu yd of clay were used for the blanket, most of it de 
posited at pierhead lines to consolidate the mud and increase cover from 9 or _— 
10 ft to 15 ft, as a precaution against material running into the heading. There _ 


“was n no danger of a blowout as the material penetrated by the tunnel was largely — 
impervious clay, Plastic to stiff in consistency, and air pressures used were 7 
y The use of grout to reduce air leakage at the face, and | its use to ‘fill the 
‘annular space around the tunnel lining left by the tail of the shield should not 
be confused. Its latter use is standard practice and has little, if any, effect on 
shield progress, whereas the effectiveness of grouting the face, which is done 
only under unusual circumstances, might have some effect on shield progress. 
Mr Eremin should not include the Lincoln Tunnel with his examples of 
structural steel-lined shield-driven tunnels. — ‘The shield- -driven sections of the 
Lincoln Tunnel were lined with cast i iron; the approach tunnels i in full section of — 
‘tock, built without the use of shields, were lined with steel, as 1s were the Manhattan 
approach tunnels of the Queens Midtown Tunnel. 
k The: writer had no intention of inferring that further study i is not necessary 
in n the planning and designing of tunnels for highway traffic. On the contrary, 
he is convinced that each such project requires a large amount of study and 
planning to meet the conditions peculiar to each location. — The writer had in 
mind, however, that only twenty-five years ago (1919) long tunnels, designed 
for ' the exclusive use of motor-driven vehicles, were considered in the nature 
ota an experiment and were with skepticism, not only | by the general 
_ public but also” by s some engineers. | During the intervening period extensive — 
Tesearch work has been conducted on some of the important phases relating to 
‘this kind of project and much has been learned ‘through operating experience | 
of the several such tunnels which have been built and are now in operation. ce 


ev hen the Holland Tunnel was being planned, an extensive ‘program of 1 re 


— “Moted | over a a period | of two years and since has been continued intermittently 
to provide supplementary information on related phases of the same problem. 
The uncertainty : and — with — to this _ of vehicular tunnel 
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‘some 1e engineers was ras the | of cast iron as the > primary such a 
large tunnel in a material like the Hudson River silt. _ The design of the lining 
“for the Holland Tunnel, which involved a much larger diameter in Hudson 
River silt than had before been constructed, was was quite properly the subject of 
open technical discussion. on. In one paper” the opinion was expressed 1 that 

soils w ith a low angle of rey repose, e, for ¢ any specific « case » presented, there is a limiting 9 

inside diameter (which may be determined for that case) beyond which the pri-_ 

‘mary lining, whether of cast iron or of concrete blocks, cannot be. designed to 
stand without internal bracing.” Co At considerable variance with the design and 
analyses of the Holland Tunnel ¢ engineers, and predicated on the line of reason- 
ing on which the foregoing conclusion was based, it was determined in that 
paper ' that the inside diameter of a cast- “iron lined tunnel not subject to non- 
qa elastic deformation in Hudson River silt would be limited to 26.2 ft with flanges 

- more than 5 ft deep : and an outside diameter of more than 36 ft, the lining 

4 segments at this diameter being 1 unwieldy i in size, ‘number, and w eight. _ How- 
ever, , With faith in their own determinations, the Holland Tunnel ol engineers 
“designed and successfully constructed in Hudson River silt a cast-iron lining of 

- 29 ft 6 in. outside diameter and 14-in. flanges or 27 ft 2 in. inside diameter, the 

: general features ; and details of which have subsequently set the pattern for cast 

* iron lining of 31 ft outside diameter in both the Hudson and East rivers. A 
synopsis of this design and analysis is mentioned in Mr. Brodie’s s discussion. ; 
One more illustration of the extensive research work which was ; necessary 
heretofore is that referred to in the comments on ‘Mr. Thoresen’ ’s discussion § 

= the dev elopment of a suitable wall tile for this type . of tunnel. <a i 

v writer is indebted 1 to Mr. Tuttle for a concise statement of the historical 

4 background of the Queens Midtown Tunnel. 3 
= adequate highway approaches to the ‘tunnel, both in Manhattan and i 
~ Queens, to which ‘Mr. Tuttle refers, have toa large extent yet to be pi prov ided.§ 
That these approaches could not have been included, as part of the tunnel § 
"project on a self-liquidating | and self-supporting basis, is self-evident . Iti ree | 
generally the practice of New York City to make its toll river crossings a realy 
part of its free highway system. In the case of the e Queens” Midtown Tunnel ; 
this practice has met with se serious s delays which the writer. hopes will soon bem 


27 “*Niotes on Tunnel Lining for Soft Ground,” by 8. Johannesson and B. Hi. M. Hewett, Transactions 
Am. Soc. C. E., Vol, LX XXIII (1919-1920), pp. 1845 and 1855. 
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ATIO DN IN RESERVOIRS 


Ad 


A. 

‘SoNDEREGGER,! 2M. Am. Soc. C. E. 120__The accelerated ra rate of reser-_ 

voir construction in the United States since at about 1910, together with the 

marked loss of storage space within a comparatively | short period i in many of 
these ‘structures, has focused the attention of engineers on the problem of 
reservoir sedimentation . Two thirds of the thirty-two papers in the Bibliog- 

aphy of this paper were published since 1938. Kindred subjects were dis- 
ussed at the July, 1943, meeting of the Society i in Los Angeles, Calif., by the : 


. $. Geological Survey (57),!2° and i in recent special reports issued by the 
mservation Service, 


The origin and nature of sediments have been described in this iiaoasil E 


a other papers, and records of the rate of debris deposition are available for 

slarge number of representative watersheds. _ Henee, it is possible to forecast 
‘ vith some degree ¢ of probability the rate of sedimentation which may take 
slace in structures, directly intercepting flood waters. However, a reconnais- 
unce of physiographical and geologieal conditions and of the effect of the 
wvasion of the watershed will be required Des 

Under the heading, “Remedies for Silting,” the author correctly 


ibis in Southern California by n mechanical excavation, -@ process feasible with 
tlatively shallow reservoirs in open terrain; the removal of silt deposits od 
uicing which has been practiced with partial success; and last, but not least, 


SUCC 
mie utilization of density flows. — Since full redemption of lost capacity is — 


7 ‘asible, the question then, as to w rhat extent sedimentation may be 


paper by Berard J. Witzig was published in June, 1943, Proceedings. Discussion on 
has appeared in Proceedings, as follows: September, 1943, by Joe W. Johnson; October, 1943, 

aa John W. Stanley, Stafford C. Happ, and Thomas H. Means; November, 1943, by Carl B. Brow n, 

iC. 8. Jarvis; and December, 1943, by Hugh Stevens Bell, Bell, and and Harry F. Blaney. wi 

"Cons, Engr., Los Angeles, Calif; 


amerals i in parentheses, thus: (57), refer to corresponding i items in the Bibliography (see Appendix 
in the paper), aaa the end of discussion in this issue. 
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-SONDEREGGER ON SEDIMI 


position of ‘rocks. 


and concomitant runoff be stopped. - Production of debris and erosion are at 
a minimum when a watershed is protected by its natural vegetal cover. Under 
such conditions a natural physiographic balance is maintained, and probably — 
_ attempts by man to improve on these conditions would not be successful, — 
Nature apparently i is operating under the principle of self-conservation which - 
automatically adjusts itself to varying conditions, climatic and physiographic 


. tw Invasion of the watershed; effects of deforestation, overgrazing, cultivati ion, 

_ unstable slopes in in road cuts; and other methods have generally tended to upset 

 nature’s balance and to increase sediment production 1 and removal. The 


writer is impressed with the benefits that ultimately will result from the recent 
practice of erosion control initiated by the Soil il Conservation Service to correct 
the destructive effects of land abuse. Many ny of the ‘methods | designed” to 


restore the vegetal cover will become fully effective only after persistent efforts 


over periods of years. _ However, the results should fully justify 


i ~The author concludes (see “Remedies for Reservoir ir Silting”) that “the 


4 


~ most certain means of maintaining reservoir capacity is to prevent sediment ; 
- from forming, or, after formation, to prevent its deposition in the lake.” 


_ Although this theory i is 3 unquestionably « correct, generally, iti is not practicable, 
In this connection, the author has quoted Messrs. Eakin and Brown (1) as 


reli f te l ‘and per t ti f 7 

augue ain reliance for material and permanent conservation of reservoir 
resources must rest upon control of sediment production at primary sources 7 


_ through more widespread and effective application of established methods 


This statement m may apply to the disturbed watershed, but hardly to natural 
conditions. Since debris" production cannot be reduced below its natural 
— minimum, the preservation of water storage must rely mainly. on the creation 
im many storage reservoirs, debris space has — created by r raising ‘eel 
height of dams. On the other hand, storage and detention projects in large 
numbers have been constructed on silt-carrying streams without any provision 
whatever for ] preserving the integrity of the hydraulic function. — The results : 
have been little short of disastrous in many cases, not only because of th a loss 


of the: investment, but also | because of ‘the ‘scarcity | of reservoir § r sites. a 


long-time disposal of debris should be made part of the original wot 
- should be included in estimates of costs and in budgets. The | plans may con- 
= additional height of dam, ‘ “upstream engineering” by the construction 


of a series of permanent debris barriers, Provision, for deposit grounds for 
sediments to be removed, or other methods. 
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SONDEREGGER ON SEDIMENTATION 

The author states (see heading, “Introduction”’) that “Studies by the Soil 
Conservation Service (SCS) of the U. . Department of Agriculture (1) show 
that, in the silt-carrying streams of the United States, the probable > life expec-- 
of existing reservoirs is dangerously short” and ‘that about 64% 
of all reservoirs have useful lives s of less than 100 0 years, *” Thus, a 


reduction of 80% in the capacity of a reservoir is assumed to terminate its 


usefullife, 
On the basis of these findings, | the broad rule, might be established ‘that, in 


order to safeguard the storage supply of a 4 community in the semiarid regions 


for (100 years or more, debris ‘storage must be provided in in volume equal to, 
or r exceeding, the water | storage. 1? This is a “large order” ‘and m may be hard to 
‘fill; but it epitomizes the seriousness of the problem. 
. Although such | provisions are not. remedies, they tend to postpone the day 
1 of reckoning. _ Acting i in in accordance with the best available knowledge, engi- 
neers at least will escape the condemnation that was heaped on Louis XV 
when she shrugged his shoulder, saying ‘After us the deluge.” It might be 
well to recall the fate that befell his grandson barely 35 years later during the 
French Revolution. — 7 The wise man has said that history repeats itself. ei ; 
_ Coming generations may see more clearly and deeply into the true nature of 
things and find the solution that will save them from the fate suffered by si some 
of the older civilizations i in the semiarid 
7. The author is to be commended for the presentation of an excellent and 
review ofacomplex problem. = 
a /“Silting of Reservoirs,” by Henry M. Eakin (revised by ( Carl B. Brow n), 
Technical No. 524, U Ss. D. A, 1939. Fig. 19, facing p. 98. 
(67) Ww ater Supply Paper No. 844, Geological Survey, 1942, 
(58) “Modifying the Physiographical Balance by 


Conservation . 
nm 7 by A. L. Sonderegger, Transactions, Am. Soc. C. E., Vol. 1 
TAs 
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-RAINBOW ARCH BRIDGE OVER 


‘A SYMPOSIUM 


Eso. papers on the Rainbow Arch Bridge record. 


"considerable oaen in the design and construction of long-span arch bridges. 
of the bridge present, in the first paper, method | of analyzing: 


flexible ribs. In Appendix I of the first paper, methods 
—_ é the consideration of ‘deflection effects are discussed. In addition to those 
mentioned a method developed by Fr. - Dischinger® i is of interest. It applies 


to. beam- -columns arch ibs, primarily those having a parabolic axis and 


The The i increase of the elasti elastic- theory is expressed bya a converging 


in which addition to the notation of the Symposium): Bisa numerical 


coefficient; and 

Nors.—This was published in October, 1943, on this paper 
appeared in Proceedings, as follows: December, 1943, by Egidio O. Di Genova, and Charles M Spot, 

88. Cons. Engr., New York, N. Y. | 


— 1 
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co 
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(57) 
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= ‘In Eq. 58: a is half the span length; and n is is a numerical buckling 

-_ ull or ribs that are not too flexible the consideration of the first term in the — 


parentheses at the right side of Eq. 57 is sufficient to estimate the increase — 
of the elastic-theory ‘moments. For a hingeless rib the approximate 


ball 


~Moment at 


ment at th righth oi 


Vv 


“For use use Bae. 59 (eee Eq. 58 
Table 3 the hing» 20302 6,460 4757 = 5.8; and, by 
> 59a, 59b, and 59c, respectively, Ms = 1.148 Mz; Mo.25 = 1.236 Mz; and 
= 1.268 Mz. . These approximate values: from 2% to 6% different 


from the dead-load live-load moment values given in and Table 3, 


0.28 (60) 
inwhich (see Eq. 58), n = 9.87. Introducing the data given for the two-hinged 


60: = 1.53 3 Mz. . This value is 10% less than the correct value of 
the dead-load plus live-load moment given in Table i On account of the — 
flexibility of the two-hinged rib the sppredieetion is not as close as that for 7 


__ By presenting comparative data for the two-hinged arch an and for the 
hingeless arch, the designers | have directed attention to | the ‘superiority of the 
“more statically indeterminate structure. hingeless rib of greater rigidity 
designed with considerable saving: in metal. The efficient section of this 


. resulting from the use of stiffened webs of minimum section should also” 


- The study ¢ of the four papers ers on the Rainbow Arch Bridge reveals the care 
with this structure was designed and 
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moment at the quarter point— 

Bia: -| 

ord 
es. 
ing 
ign 
. 
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for For a two-hinged rib the approximate moment at the quarter point, when 
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nd 
56) 
58) 
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is an excellent contribution to the literature on 
design, engineering, fabrication, and erection of monumental structures such 
as the Rainbow Arch Bridge. In a distinct service has been rendered 
to that part of the « engineering ‘profession | engaged in in the actual p1 prosecution of 
work i in the > field—to those engineers on whose shoulders falls the duty of seeing 
that the structure as designed and fabricated is erected properly, safely, and 
efficiently. Such practicing engineers must meet unexpec cted and vital prob- 
lems with immediate answers » an art that can only be achieved by actual, 
tedious, and arduous experience, or by the study of papers such as that portion 
of the third Symposium paper dealing with ‘‘Erection Controls” and the entire 
fourth paper, ‘Erection of Steel Superstructure.” 
we To the designer, the design of a bridge of this caliber is 0 often an important 


and seemingly difficult task. Decisions as s to type, sizes, etc., are necessary 
before any further steps | can be taken. 1. The engineering work following the 
“basic . design decisions is just | as important and often just as difficult. Fabrica. 
tion, similarly, presents important problems, although these can generally be 


plans for the. ‘erection of the “and by the resident engineer, 
together with all those associated wit with him at the site. In the preliminary 
office : study: Methods, equipment, stresses and strains in the ‘structure, sched- 
ling, planning and foreseeing all the minor and major details of erection from 
start to finish; and, for the pouidiant engineer: Unexpected terrain, unforeseen 
4 weather , unpredictable working personnel, or difficult field 
these problems must be mastered or the design, the engineering, and the fabrica- 
tion will have been wasted. The structure must be built and too little help 
has been given, in the past, toward disseminating theoretical anc and practical 
7 information—studies, analyses, and records of actual construction 2 at the site. | 
: The more aid that can be given in this phase of engineering, , the better the 
finished project will reflect the original ideas of the designing engineer. | r, Also, 
_ the more publicity given to actual field erection problems or difficulties, the 
better the designing, detailing, and fabricating engineers will be able to solve 
these problems, by preventing the conditions which too often « exist a as a rest 
LEon Buskin,# Assoc. M. Am. Soc. C. E. purpose oft the following 
; comment is to correct some errors in the first two papers of the Symposium and 
‘to show, that very simple formulas are available for design and even f for definite 
- analysis of flexible arches. The results thus obtained give the same degree of 


accuracy as 8 the lengthy calculations indicated in the Symposium, and make tests : 


wv ss 


“With Bethlehem Steel Ca., Erection Dept., Bethlehem, 


“Received by the Secretary February 14, 1944. 1 


4 Senior Stress Analyst, Consolidated Vultee Aireraft Corp., , Allentown, Pa. ‘ban 
“le Received by the Secretary November 23,1943, 
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ON RAINBOW ‘ARCH BRIDGE 
bes Deflection Effects and Design Formulas. —It i is regrettable that the expression — 
el elastic theory” has been used in the first ‘Symposium paper to indicate a 
method of stress. analysis i in which deflections are supposed to be infinitely s: small. 
expression is certainly | a misnomer according to all ll conventional defini- 
tions (see A. E. H. _ Timoshenko studies the “deflection theory,” 
in his “Theory of Elastic Stability. all The expression “deflection theory” 
seems acceptable, but as a subdivision of the elastic theory, and n ead in oppo- 
sition to it; the expression n “beam- columns” is ‘also widely used. _ 
The ‘statement that several deflection theories are available for 
hone an incorrect light on the problem. _ Written i in differential terms, the 
problem is elucidated | completely, and the theory is unique. 4 Methods: 
= the differential equation may differ, generally because terms are oo 
neglected in order to simplify the calculations. The fact that results may differ _ a 


shows that ete made are not justified and lead to inaccurate or Pa 
Under the action of forces and lateral | loads curved beams deflect 

differently from beams submitted to lateral loads ¢ only. = “Mess + years ago, the 
| si Milo 8. Ketchum,“ Hon. M. Am. Soc. C. E., , presented : a formula for the - 

combined effects of bending: and axial loads in the elastic range. Some formulas 
dev veloped subsequently | herein will show the simplicity of the problem, even if 

fairly close approximation (say, within 1%, generally) is required. They 

avoid unnecessary loss of time in design and they demonstrate the effect of 

deflections on stresses as soon as the working stress under axial load, the span, Pig 
the depth and type of beam, and the end conditions are selected. — From those 
formulas a “factor of amplification,” c, can be determined which represents the 

ratio of actual deflections to deflections calculated for a a beam v without axial load, — 


‘ail load: .k = radius of of the arch; T.= = thrust that ¢ causes 
and L; = effective free length of span. ~The latter is the total length for a 
hinged beam under an a} applied active axial load. It is also the length of the 
are betw een the crown and the skewbacks for a hinged arch under the action of 
“applied transverse loads applied on half of the — and thrust or 0. 7 of that — 
=a Definition of the Factor of Safety N by Eq. 1 1 —The persistent use of factors ” 2a “ir 
“safety that differ for each type « of load is regrettable. ~ Reducing the factor of | fon 
safety for wind and temperature to lis equivalent to reducing those loads in the — ie? 
ratio of the factor of safety used for the other loads. As wind and temperature :, . 
. ‘ee are somewhat arbitrary, the use of a variable factor of safety is a useless — “2 


Treatise on the Mathematical of by ‘A. E. H. Love, 4th 
hiv. Press, 1927, p. 92,115. 


< 


®“Theory of Elastic Stability,” by 8, Ist Ed, 1936. 
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ON RAINBOW ARCH BRID Discussions 


~ complication, especially wh when various factors of safety . are used for different. 


as iquations of Equilibrium ; for Curved Beams.—The factor wi in Kq. 2 


_ obviously er erroneous, and must be s omitted, since e under uniform axial stress, with ' 
‘necessary radial loads to maintain it in equilibrium, the radius of the ring does" 
‘not | change. — On the contrary, if there is a strain e; along the radius, the latter 


(in which » = Poisson’s ratio), and the cor responding factor is + “Ff + 


the terms due to shear are taken into’ account, — 2 must be w1 viii a 


-inw oes W, isthe component ofthe load normal to the are, per unit length of are. 
a -_ Kgs. 3 are obviously incorrect because the tangential component v of the 


‘deflection is omitted. That ‘component is not. negligible, since it produces” 


secondary “bending i ina two-hinged arch when the M’ is 

y, and no camber for dead load is provided. 
alll 5 cannot be neglected in a refined analysis (see the com parison 

between the ‘ ‘exact”’ procedure and the approximate method presented | by } Mr. 


Hardesty, et al.) Comparing the value of —; to that of => in the nondefec 4 


A direct estimate of that ratio can be made, assuming that the moment M and 


_ the deflection u are sinusoidal functions along: a circular arch, of the type : 


in which Ria is the ratio ‘at thrust to dead load; and a, is the slope , angle at toe 
Thus, the relative influence of the second term is which has: 


Both methods that an error of 4% of the 


‘moment, when the t term — is neglected. ‘When | tie amplification n due to de- 


“flection i is introduced (as shown subsequently), the error, which is unconserva- : 
tive, is increased to 6%; thus, the “exact method” applied by - Mr. Hardesty, 
-al., is no more accurate than the approximate method. 
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‘The secondary moments due to the effect of change in length of the arch 


under dead load are eliminated by the introduction of a camber. The moments 
thus eliminated are actually of the same order of magnitude | as the moments 


omitted | with the dette + =. The e exact value of the horizontal component o 


y ds(B I) sinadM’,:(E A)+ sina. dM’. (E, Aw) 
-...(65) 


q 


Assuming that t the ordinates of th the arch are ‘proportional to the curve of moment 


to dead load, = y, and, with a an error of second order of magni- 


The difference H and produces moments in the arch, which are 


e crown, 


that p point, ‘and is somewhat the error of 6% ‘made when pegletting 
the factor - ao. Ls Phis show s the regrettable fact that, although | the authors. 


have been careful to eliminate : some “secondary , bending by special erection 


methods, moments of equal importance, ra to other factors, have been 
completely omitted from the ‘analysis. ee 


he The methods of successive approximation used by the authors to account for — 

the effect of deflections can be. simplified by direct integration | of the equations — 
of equilibrium, as this i is generally done in problems of beam columns. — Using a 
Egg. 5 and 6 (in which the product AH n is of second or order and can be o omitted), - 
‘and substituting the AH = ‘vsin = = 0, the equation of 
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_BESKIN ON RAINBOW ARCH BRIDGE 


Eq. 70 explains why ‘ Gt was was noted that the variation i in nAm * illnas * was similar 
to the variation in (see containing Eq. 8). Furthermore, 


the value of the quantity ty Uae ; 


is s thus Eq. 13 contra- 

dicts the feat that Mee ee and Amae are proportional; an average value of T must 


be used in Eqs. 13 and 14, instead of a variable value 
= The coefficient of amplification c (Eq. 61) gives accurate results for a final 
_ analy sis. For instance with: T = 7,588; M = = 24,950; ; E = 29, 400 X 144; 

as 120; and ue 1,020; Eq. 37 yields c= 1. 64 and M= 40, 900. This value 


of M differs by 160 ©. 4%) from the value calculated by the authors. If the 


is introduced, the amplification coefficient is 


EI 


Thus the moments are increased by 6% above the values calculated by the 


authors. This clearly ‘shows: that the so-called “approximate methods” are 
‘quite s sufficient for practical purposes. ie Otherwise all terms must be taken i into 
account and the - computations will be complicated by the need for solving : a 
differential equation of second order. To avoid it, an error of 6% is introduced; 


view of that error, the introduced by Mr. Hardesty, etal. 


_ A method of integration that is always powerful for problems of this type 
involves the use of developments in trigonometric series. Hupner® has 
4 developed the theory of buckling in hinged and fixed arches and presents | general 
formulas for the s amplification | of deflections. — Values of Am, and Ma. are pro- 
when the curve of of Mae i is ‘sinusoid. . This property is only approxi- 


for of variation of Mew ‘When Mae 


) an which A isa a constant), the amplification factor at - crown 


PEI+T(L 16 


For h= + 0.1 and c = 1.64, the v alues of c; are, respectively, 1.59 and 1.70. 


If the moment Mac ae is constant on 1 each half span, with opposite values on the 


two halves, the factor of amplification is 1.80, corresponding to c= = 1.64; fora 


parabolic distribution of moments, it is 1. 658, which shows that a sinusoid gives 
” very accurate value of the coefficient of amplification for that case. 


Application des Séries Trigonométriques & l'étude du flambement des arcs,” par M. Hupner, 
Annales des Ponts et Chaussées, November, 1935, p. 754 TA. 
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reference to Eq. 16, t following can be noted: dred 


—@ An average v: value of T " must be used instead of T "a, in the denominator. 
T 


hat average value n must include the thrust due to wind and tempera- 


fe There i is no onsniin to omit the coefficient N for wind and temperature 
— (d)' The separation of moments into those due to dead load and those due to to 
live Lead for the | application of the coefficient of amplification i is theoretically . 
st incorrect but is certainly acceptable. __ Theoretically t the moments must be de- 

4 -yeloped into to which various coefficients of must b 


In Eq. 73 the buckling value of the. average thrust approximately equal to 

more exact method. computation is subsequently herein (see 
Ba, 83). For practical purposes all terms after the third, in Eq. 73, can be 
omitted, and the total moment M can be divided into a part that is not affected 
by the coefficient of amplification, and a a part that i is affected by the that ; coefficient. 
This shows that an expression of the type: 


The condition T < or, as written in the Symposium (see paragraph 
following Eq. 16), N 25 0.28 <i theoretically applies, not only to 


arches carrying no moment, but also to all arches symmetrically loaded; the 


wondition is actually unnecessary, either because of initial inaccuracies or 
wn tause of unsymmetrical loading (only canal bridges haacs not give ee, 
we 
“alt possible to apply the foregoing methods of to the case a 


own tingeless arch. Considering the half arch as a uniformly loaded beam, hinged 


onl at the crown snd fixed at the skewback, the moment (with the origin at the é 

| — 

and the maximum occurs for = & such as 

i and Le ii is the half of the arch or a cor- 


= 
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cot rected length taking into account the variations of moment of | The 


load w, is the antisymmetrical part, equal to one half of a live load “aun ; 


a 


> 


2 


When thearch is is reinforced toward the ‘the corrected 
is shorter than the actual development of the half arch and can be determined 


approximately by considering the angular deflection near the skew vbacks. ‘The 

length giving the same as the actual L, = fia ds 


in w pee I, is for the basic _ For the Niagara Bridge it is ap approx i- 


mately 470 ft. Thus the critical thrust is T, _ $8.2 X 29,500 144 X 


| 


‘With T = os 6, 460, the value c is l. 24. The total moment for: 


"The ecror i in the final stress due to the 
I mplified calculation would be less than 1%. _ Thus, very simple calculations 
e accurate values of moments. Ifa higher degree of accuracy is sought, then 


c 


ex ressions developed in the Symposium are no more — the 
Conclusions: from the First Symposium Paper. —Constusions 1 and 2 are 
ee ererney formulated, since the factor to be considered is the dimensionless 

or and not the factor T This factor has been well known 

+ Conclusion : 2, as applied to heavy dead loads, is often i incor- 

produces a given buckling, and % = the stress due to bending, without amplifi- 

can be shown that for — <1, an increase of dead weight 
cae stress. — _ Moreover, an increase of dead d weight generally. means an in increase of the 
‘i depth: of the arch; thus, 8e is increased and the coefficient of amplification is is 


‘rect. Let : = = stress due to axial load, Sc. = stress due to the axial load that 
ste = effects a a decrease | of the influence of the coefficient of amplification on the total 


reduced, which adds” to. the effect indicated. Considering the two arches 
; analyzed from that point of view, an increase of dead weight on 1 the hinged arch 


oe may cause a small increase of the flexibility effect on the total stress: (increase 
Zoe ) 2% for an increase of a aj dead w eight), whereas the fixed arch is 
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int the zone in . which an increase of dead w eight causes a decrease of the flexibility 


. “Much simpler design formulas than those indicated are available for many 


conditions of beam-columns and such formulas can be applied to arches without 


— 


‘lems of stress distribution i tests are generally more costly and require n more -_ 
‘ime than mathematical | approaches to the ‘same problems. In the case of 
flexible two-hinged arches, the mathematical treatment is so simple and so 
‘commonly known that tests do not add any real know ledge and, if not inter- 
preted with the use of the theory, m may even be misleading. The interpretation 
of the tests made on two- hinged arches i is an example ofsuchacase. 


Iti is here assumed that the moments due to dead weight have been elimi- 
B nated by a change > of span ¢ compensating for the shortening of the arch. — Onl 


7 in that manner can a pressure line coincide with the neutral line of the arch; 

a but it is to be noted that the e distribution of dead load is tk then wide paier actual 

g distribution, since the load must be inversely proportional to cos* a . For the a 
7 three arches examined, this s signifies that the ratio of dead load at skew panel 

. and at crown is equal, respectively, to 1.8, 2.6, 7.7. Pa it is improbable that 

J actual variations of dead load will be greater than 40% between crown and 

™ skew backs, the tests do not seem to represent actual tate Fossa On the other | 


hand, in order to compare more accurately the results of tests wal the theo- 
- retical results indicated hereafter, it w ould be desirable to to know the exact law 


of variation which was used for dead load. 


f The moment at any point of an arch is equal to the ‘moment of a non as 
flexible arch multiplied by the coefficient of amplification; using Eq. 14a, 


M, ratio, —*, is a constant, equal to the ‘critical 


= 


oO 


he espan. For beers distributions of live load, the factor 0. 5\ would be » changed. - 


= Bea . Calling DL, the dead load corresponding to the critical — 

thrust Te, an and introducing a coefficient of moment m (ratio. of moment to live” 


lad) su that LL, , the value of Masi is: 
cht — LL (0.5 — (a,)?:7] © 

is replacing IL in in n terms of DL and R (- = 
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curve M as & function of R is a Eq. 


contains two constants m and DL, instead of the the four constants of Eq. 24, since | 
" the factor ~— ~ generally may be neglected. Such constants can be com puted 


00, 


= — eS Test from Fig. 17 


unds_ 


Inch Po 


ita it on ; 
T 


easily, and the final expression of the moment becomes — 


t «| 


quantity 1 1 of the thrust! th 
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arch. ‘Si nee a,, Eq. 82 can be 


Fig. 41 affords a comparison between the calculated | values and those read from | 


Fig. 17 of the moments. — ‘The relative average difference is + 4.5% between the 


theoretical values and the tests. The | average difference would be less if the 


dead load varied less than indicated by the law — 


for a relative variation equal to half of that given by such nlaw. 
lew As the relation between M and R is represented by a hyperbola, ona log-log 


, and would change its 


diagram, the hyperbola becomes a curve with two asymptotic directions, - 


parallel to ‘the M-axis and ‘corresponding to buckling, and the other at 
angle — 45° with the axes. The straight lines in Fig. 17 are the parts of the 
transformed hyperbolas which are far from the region of maximum curvature. = 
Thus, they have no significance and do not even represent the asymptotic 
direction at 45°, since they show the beginning of the amplification effects. On © 
the other hand, “moments must become infinite e when the loads ‘approach — 
buckling values. For instance, for DL = 5 and 3.7: 75, buckling occurs when 

R = 1.5 and 0. 6, respectively. _ Therefore, it seems that Kq. 24 has no practical be 
value, since its validity is limited to the range of the tests while Eq. 83 i is i 
for any values; and moreover it is more complicated and requires more compu- 
tation than the theoretical expression, Eq. 80. 7 It is to be noted that, in Eq. 24, a 
the loads are in kips per foot and moments are in thousands of foot-kips. 
The authors have realized the advantage of the coefficient: of amplification — 
(called by them ‘‘percentage increase”) bu but have made no attempt to introduce | 
it on a rational basis and relate it to the critical thrust. _ With the use of the 
‘theory: it i is much easier for the designer to examine the influence of changes it in 
shape of the arch and distribution of the load, and tests are unnecessary. Also, a 
the main factors, span L, rigidity E I, dead load DL, live load LL enter into q 
theoretical formula i in a diel more expressive manner than in a formula of the 


type of Eq. 24, which gives no measure of the relative influence of the ae 
ya 


vill enable the designer to the influence of the main especially 


Conclusions, ‘Second Symposium Paper-—The conclusions sdvanced in this 
second paper of the Symposium do not throw any new light on well-known — 
results, Tests of the kind made (conclusions i 2, and 3) are of little interest, 
sinee simple and reliable theories are available, and from such theories definite ; 
arches can be selected directly, either for bridges or for hangar roofs. A hinge-— 
‘es arch generally will } prove less costly than a two-hinged arch, but there is no 


*pecial | reason to avoid the latter i in cases where the coefficients of amplification | 


— 
| 
\ 
= 
— 
— — 
— 
— 
— 
— 
q 


are small (say, less than 2) when it is difficult to fix the ends. In airplane ¢ design, 
for instance, high coefficients of amplification are accepted. 
Jon It is obvious that methods which do not take into consideration beam- 


column effects’ are unreliable (conclusion 4), but itis to be hoped th that no designer 
me 
will calculate flexible structures without considering buckling and prebuckling 


effects— —that is is, the coefficients of amplication. ad 


ods There i is no doubt. that correctly chosen average values of radii and moments 
: = inertia (conclusion 5) will enable the « designer to make use of formulas or test 
data related to circular arches; but no difficulty i is encountered i in making direct 


Ss It is Ww ell known that the relationship iii load and stress in bean- 2 

~ columns i is not linear (conclusion 6). This fact is taken into account i in v ‘arious | 


‘margins of safety— for instance in the Army- -Navy-Civil 


Specifications. for Aeronautics (see ANC- 5), and also in many recent foreign 


4 specifications | applied to civil engineering (French Air Department, Air Bases _ 


- Since arches buckle. in tw Oo wav es and a change of length introduces a 


_ moment corresponding to o one wave, the two phenomena are independent, and 


‘nondeflectional theory is wha for temperature. stresses (conclusion 
However, the change of thrust due to temperature will change the coefficient 

_ of amplification; and thus there is an influence of temperature on buckling : and 


on live- load moments. — ‘That effect, W hich i is small for a bridge, is applied in 

q automatic devices used in temperature control; and it cannot be disregarded — 


Nothing: fundamentally new has: been advanced in the analysis of the 


Rainbow Arch Bridge (conclusion 8). 

w ould be very desirable to know "precisely whi hat are the “neonsistencies 
A with the elastic theory” (conclusion 9) which occur in the fixed-end type of arch. 


| 


Fabrication: and Erection Controls.— Unusual care has” been taken in the 


4 fabrication and erection of the Rainbow Arch Bridge (second Symposium paper), 


and the engineers who directed tl that work can consider it as a genuine @ achieve- 


ment. a also appears that their ¢ -omputations have been made with all 


se seems useful to note (see heading, | “Application of Data to Niagara 
: - Rainbow Arch Bridg ge”) that the elastic centroid concept is not due to Miiller- 
a ‘Breslau, ” since it Was taught by Maurice e Lévy* i in France as early as the end 


a of the last century | in Ecole Centrale des Arts et Manufactures. The correct 
saad : Si expression, as used in treatises on mathematics, is “orthogonalisation” and not 
segregation; and the elastic centroid method is only a special case of the 
‘methods of “‘or thogonalisation” of the unknowns in systems of linear equations. 


_ Moments can be applied at the crown instead of the centroid, since the aris 
of a moment can be freely displaced without changing the equilibrium. baie 
_ The elastic center can be determined by a straightforward method (column 


analogy), which is still valid when deflections due to normal and shearing ol 
_ 11“*Die graphische Statik der Baukonstruktionen,” by H. Miiller-Breslau, Vol. 2, Pt. 2, 1925, p- 377 f. 


46 Statique Graphique et ses Applications aux Constructions, 1886-1888,” Gauthier-Villars & Co. 
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AMERICAN § SOCIETY OF CIVIL ENGINEERS» 


AND: UNIT HYDROGRAPH 
Ray K. LINSLEY, linge 


K. K. 13 M. Amt. 


“All the noted in the “ Synopsis have been fulfilled, one 
very important ‘exception. That ‘exception is the author’s "statement, 


derive accurate unit hy drographs.’ No unit hydrographs o1 or percentage distri- 


bution graphs have been derived in this paper. 
Col. 10, Table 1, is labeled “*12- -hr unit hydrograph (cu ft per sec).”” This 
‘eaption is very misleading to a reader. It is not a unit hydrograph. 4 
. ‘definition of aunit hy drograph, accepted and used since 1932, is: The hydrograph b 
‘of surface runoff from a given basin due to a 1-in. depth of net rainfall, applied | 
ata uniform rateina unit of time. The ordinates of flow of this unit hydrograph 
(expressed in cubic feet per second) and the ordinates of flow of an observed a 
_hydrograph, « due to a net rain of X inches in the same unit time, are proportional | : 
their respective volumes of total surface runoff. 
Net r rain means rainfall minus infiltration and other losses. mi ~ > 
_ The distribution graph is the unit hydrograph \ with ordinates expressed in 7 


percentage of the total volume. of the observed hydrograph. ad The percentage — 
‘hike The proportionality of ordinates holds true for any t two hydrographs of 
surface runoff on the same basin, provided the net rains in each case hold a { 
direct relation of intensities, and follows identical sequence of downpours. idiat 
Let it be required to apply. the foregoing criteria this Appomattox River 
“basin with a drainage area of 1,335 sq miles. If 1 in. of net rain fell on this 
mt and if the rain followed identioal times vali similar intensities as that of 


April, 1937 (see Fig. 9), it would produce a hydrograph with the same time base 


ti Nore.- —This paper by C. O. Clark was published in November, 1943, Proceedings. Discussion on — 
, is paper has appeared in Proceedings, as follows: February, 1944, by James 8. Sweet, and Otto H. — 


Cons. Engr., Chicago, II. 
te Received by the Secretary February 7, 1944. 
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SHERMAN ON STORAGE Discussions 


as that observed in Fig. 9. The ordinates of runoff would be proportionate to 
‘the. ordinates in Fig. 9, and the volume of surface runoff would be 1 - in. -miles_ 
or 36,000 (cu ft per sec)-days or 72,000 (cu ft per sec)- half-days. The total 
- surface runoff (by scaling ordinates in Fig. 9) in in the flood of ‘April, 1937, is 


a 000 (cu ; ft per sec)- half-days. _ The base flow ow (also estimated from Fig. 9) 
xX 19 half-days or 29,000 (cu ft per sec)- 


half-da Then 216,000 - 29, 000 = = 187,000 (cu ft per sec)-half-days as the 
total volume of surface runoff due to the April, 1937, storm. = | 
al A similar storm producing | 1 in. of runoff a . this basin was 72,000 (cu ft. 
The average depth of net rain, measured from the s surface runo hydrograph, be 

is 187/72 = 
_ The comparable figures given in Table 1 are: Runoff for 1 in. of net rain 
= 60,000 (cu ft per sec)- half-days. This is the total of Col. 10. _ This amount 
’ Ps 87% of the total runoff. Therefore, 100% 0 of 1 in. of net rain is ; 69,000 (cu ft 
per sec)- half-days. "Accordingly, the depth of net rain utilizing the author's 


figure is 187/09 =27in 


| This agreement by the author’s s elaborate routing inistiiin is an ingenious 


and possibly very useful accomplishment. of It has no value as a derivative of 
the ratio of 1 in. of net rain to the total runoff from a particular storm. That 
is found readily in a few minutes from an observed hydrograph and a s known 
size of drainage ¢ area. — ~ Col. 10, Table 1, is the runoff of 1 in. of net rain over the 
= basin; but it certainly i is not 1 in. applied o over r the basin i in ‘one w unit of time. 
it is not a unit hydrograph or a distribution graph. It certainly 
cannot be used to derive the hydrograph | of runoff from the Appomattox basin 
under a storm of entirely | different pattern. | af That i is what the unit hydrograph 
is for. Thes same criticism applies to all the data in Table 
j ‘The author states (see heading, “Derivation of the Instantaneous and Unit 
: Hydrographs’’) that another | storm ‘ ‘is equally well reproduced with the wd 
: -[so- called ] unitgraph. ” Hel has not demonstrated the truth of this statement 
; “However, it would seem possible to utilize the , methodology of Table 1. a) 
“ _ this case the data furnished no record of the amounts of unit-time rainfalls on 
. thet basin. The total net I rainfall averaged over the b basin i is simply and readily 
found as 2.6 in. or 2.7 in. How much of this fell in each of how many arene 4 


{ 


_ periods is unknown. if this were furnished or found, a unit hydrograph could 
_be derived. The unit hydrograph could be ‘derived just | as well if the 12- hr 4 


by Mr. McCarthy? the writer. 14 ‘Ind deriving a unit hydrograph, the first step 
= : is to find the volume or volumes of net rainfall that fell in unit periods of time. 
These are the volumes that produce the hydrograph of surface runoff B _ alee 


 9**The Unit Hydrearagh and Flood Routing,’”’ by Gerald T. McCarthy, unpublished 
June 24, at the Conference of the North Atlantic Div., Corps of Engrs., U. 8S. Army, New London, | sarod 
OO June 24, 1938; printed by the U. S. Engr. Office, Providence, a 


ie ‘*Physics of the Earth,”” National Research Council, Div. of Physical Sciences, ] Pt. 9—"Hydrology,” : 
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) In the author’ s example of ‘April, 1937, in Fig. 9, the total runoff was found 

‘to be 2.7 i in., which is the sum of several unit-time downpours; but, in this case, 

the number or relative amounts of the unit volumes which total 2.7 in. is not 
or The bar pattern, Fig. 8, curve (a), indicates that the author has discovered 
"that the 2. 7-in. Tunoff was due to 12 unit periods of rain with ordinates § Pro- 


portional, or equal, to ‘this bar pattern. — “Mr. Clark does not describe how he | 


found this bar pattern. The ‘number of ‘blocks agrees with the number of time» 


ou units in Table 1, Col. 2. 7 The ordinates or heights of these blocks agree fairly _ 
well with Col. 2 averages. 
The total percentage of Col. however, is not 100%, « or even 87%, 
correspond with the total of Col. 8, Table 
_ It is hoped that, in his closure, the author v will consider | this feature of 


—_~ 


7 ‘Table 1 and the block pattern (a) of Fig. 8. He may have found a way of Z 
“determining the unit volumes of net rainfall which created the observed 


_hydrograph, without prior data on ri rainfall. Astounding as this statement may 
seem, there i is nothing fundamentally impossible about it. . The hydrograph of - 

"surface runoff reflects, not only the physical characteristics of the basin, but also 
the pattern or sequence of the creating net rainfall. In other words, with an 

P-vtnoe hydrograph of surface runoff, , it is possible to derive the unknown unit 

fo rains and thus the unit hydrograph. With the unit hydrograph and the ob- 

t rainfall, the > corresponding hydrograph of runoff i is readily. 


n x If the author presents further consideration of this featu 
e = he will follow the orthodox procedure of eliminating ene’ flow. The = 
problem i is sufficiently complex without including it. oo In this connection, atten- 


y I tionis called to the work of Robert E. Horton, M. Am. Soc. C.E., whichincludes _ 
n routing and the derivation of unit hydrographs. 16 


h Ss The writer does not agree with the author’ s statement t that 1 ,000 : sq | miles is 
* a large basin upon which to ap ply the unit hydrograph or or distribution graph. 
it . The distribution graph has been frequently and | satisfactorily used for | basins of 
e 5,000, 10, 000, and even 30, 000 sq miles. The theory of ‘the unit , hydrograph 
t. 9 assumes a uniform rate of rain for a relatively sm: . 
ly 
Id er to use small areas and Vegetal routing, or use large a areas 
br 
Gorpon R. Assoc. M. Am. Soc. C. E.*—Numerous 
at, statements are made by the author which controvert accepted concepts | and 


ot ‘experience in the field of river hydraulics. These statements are not sub- 


8 “Virtual Channel-Inflow Graphs,” by Robert E. Horton, Transactions, Section of Hydrology, Am. 7 
Geoph ysical Union, Pt. III, 1941, p. 818 (4). OF 


6 Senior Engr., Office of the Chf. of Engrs., U. 8. Army, Washington, D. 
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-stantiated in the paper by experimental evidence or observations o of actual 


The most radical theory deals with ‘ “pressure” or momentum waves moving 


_ dow nstream through r reservoirs a and natural river reaches. _ The author claims { 

that, if the inflow to a reservoir or river reach i is y teen abruptly, the. slope 

storage ir the upper | end of the ‘reservoir or reach moves downstream as 

pressure W wave and i increases the stage and discharge at the lower end of the pool za 

o! 


or reach, _ Laboratory experiments have been conducted i in which “decrement 


_ waves an ere produced i in artificial channels.’ Such waves move downstream 
i 


n accordance with the equation, oars 


P momentum wave. - The contention that such a wave anak cause an increase 

. in stage and discharg ge ata downstream point was not substantiated by Robert. 

E. ‘Horton, M _ Am. Soc. C. E., in n his experiments. The author refers to an 
7 incident in which the effect of a levee break was transmitted downstream as a __ 
decrement wave at the rate of a mile a minute. | The river would have had to — 
* about 240 ft deep to transmit a momentum wave at the rate of 88 ft per sec. q 
— decrease in inflow toa river reach might be accompanied | by a an incre: ase in in a 
elevation, but not in discharge, at the lower end of a reach in a river having an an 

4 erodible | bottom « or in a river carrying a large bed d load. . Ins such a case the de- 
~ crease in inflow would cause a flattening of slope and a loss of erosive power 
and carrying capacity, which in turn would result in a a filling in of the channel | : 
anda possible i increase in elevation. Such a phenomenon i is basically different : 

from the author’s theory, but \ would give evidence that might lead to such 

. le ‘The statement is made (see heading, ‘ ‘Valley Storage”) that the aforemen- 
tioned phenomenon “takes place in in a ‘natural channel * means of 
pressure waves of small amplitude which “surge back through | the 
reach * * and that “‘the surge * is clearly “apparent as a a broad 1 trace 
in many autographic records of stage.’ re + This s surge, Ww hich is evident o on gaging 
lees charts, is very common, _ particularly at high stages, and is merely a 


is often most pronounced on swift, turbulent: streams | w here the presence 0 of 


shooting flow and even small waterfalls eliminates an Ly possibility of pr essure 
waves traveling up and down the stream. Surges i in gaging station wells 
- often be reduced by modifications in the size and type of intake connection. 


local disturbance at the to turbulence i in the stream. The : surge 


Ray K.  Linstey, JR., 18 AM. Soc. C. author’ discussion of 

storage, the pers accuracy in. engineering is a valuable contribution 


__17**Channel Waves Subject Chiefly to Momentum Control,” by Robert E. 16, 


ip 


Associate Hydrologic Engr., U. S. Weather Bureau, Calif. 


18¢ Received by the Secretary February 14,1944. 
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LINSLEY ON STORAGE 


The concept of storage act to increase outflow is familiar to 
all persons who have worked with reservoirs storing appreciable volumes of 
water u under the backwater profile. n navigation pools of the Upper Missis- 
-sippi ar and Ohio rivers are examples of this effect. ' T the writer’s knowledge 
author is the first to > apply this ‘concept to ¢ storage in natural streams. _ Ob- 
viously, under the ‘proper conditions it can apply, but the discussion should be 

zz In Fig. 1 it will be noted that, as the water-surface profile changes from b 


to d, the slope of the water surface at 0 has been decreased. Since values of _ 


v elocity and hence v?/2 g upstream from 0 have been low ered, the _ of the a 


to be 54. 13. Assuming s 8 equal to the slope of the water 2 
to 0, the discharge. at 0 under profile d becomes 108,000 cu ft per sec, w vhereas 
it w ould | be 130, 000 cu ft ft per sec. I the 


gives a pe of only 108,000 cu ft per cc. 
_ Although these discharge values ¢ are only approximate, they serve to demon- 
strate the close interrelation between stage, discharge, and storage which must _ 

_ be considered in any discussion of river hydraulics. Actually, intheexample = 
of Fig. 1, it appears that the change from profile b to f w ‘ould absorb the s storage - 


released by the decreased inflow w through a rise in stage sieniien with a decrease — 


The writer has never observed a natural stream 1 which the release of 
inflow- -controlled storage acted to increase outflow. On: numerous occasions — 
the writer has observed the effect of levee breaks or the operation of diversion 
weirs. 7 The usual reaction is a sudden sharp fall in stage at the downstream — : 
‘station which is transmitted, as the author indicates, with great rapidity. 
‘Generally, how aero the f fall in stage | is small i in comparison to the volume of of 
water diverted. This is s explained by the two factors—(1) loss in discharge 
- capacity : at the station by reason of the reduced ed slope ar and (2) the release of a 


volume of inflow -controlled storage. at Howe ever, since a considerable portion 
q this inflow-controlled storage is withdrawn by the diversion, the effect of _ 


the lost discharge capacity seems | to be the important factor. paqueinadhray il 


i In natural channels the rates of change of flow, especially of | decrease of 
flow » are usually too slow to permit a sufficiently rapid ‘release of inflow- 


controlled to produce an increased dow nstream discharge. Possibly 
| the abrupt cessation of rainfall from an intense local. . thunderstorm over a small 


basin or sharp decrease in ‘discharge from a reservoir might accomplish such a — 


elt i is possible that, for some reservoirs, the decrease in discharge capacity 


af the outflow Ww eir, as a result of a decrease in velocity of approach, may 
“account for all or a portion of the rise in stage at the dam when the inflow is 


med The general scheme 0 of deriving a unit shydrograph by adjusting a time-area 


concentration curve for valley storage has been discussed by several writers. 
The n method outlined by the author should permit the determination of unit: 


i 
— 
7 
a 
— 
of 
4 


Discussions 


between separate high of ‘relative | accuracy. 
4 represents a considerable advance over earlier procedures. 
8 The author makes the point that the ordinate of a unit hydrograph for any 
unit period will be equal to the average ordinate of the instantaneous hydro- 
_ graph for the previous unit period. This is demonstrated easily since the 
ordinates of the time-flow concentration curve « of Fig. 4(b) bear ‘the same 
relationship to the time-area concentration curve of Fig. A(a). Inasmuch as 
the routing method assumes ‘storage to be directly proportional to flow, the 
relationship is not disturbed by any manipulation which follows. The rela- 


tionship is not peculiar to instantaneous hydrographs, however. If two 6- hr 


_ unitgraphs are added with a 6-hr lag and the sum is divided by two, a12-hr §j 


—_ results. _ The ordinate of the » 12-hr graph : at hour 12 :00 i is | the sum 


ordinate of the 6- graph during the first twelve hours. 
Bb ar author indicates an attempt to correlate storage with slope in order 


to devise a method for determining K for basins without adequate data. He 


in which L i is the length of the st stream in in miles. Eq. 180 considers o1 only the 


distance along the main stream and the slope. It would seem that other 
_ factors of importance would be the storage i in tributaries and the comparative . 
drainage : area 


were introduced into Eq. 18a, it should indicate the effect of ‘ieie two factors. _ 


-_ ‘The writer has used the square root of A because peak flows tend to vary 


as the “square root of the ‘drainage area, and, in all probability, 


Table 3 affords a comparison between Eqs. 18a and 18b. The first we 
items are from data given by the author, and the last seven are e based on data — 


tri 


available to the writer. Unfortunately, determinations of K for streams of the 
_ Sierra Nevada drainage are complicated by the presence of a snow pack which 


effectively Teduces the drainage area » length of channel, and time of concen- 

tration, in addition to the other p problems indicated ty the author. 
criterion of Eq. 18) seems to be more nearly a constant than does the value of | 
KV6/L from Eq. 18a. Values of K Vs/LV A have somewhat more of tendency 
_ to be higher for the California streams than do the values of Eq. 18a. This 


facial 


may indicate that a variation must be expected from region to region, but more 7 
likely it indicates that some power other than the Vs should be used. 
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f nspection of Fig. 6 indicates that the author divided ‘the Snitionaie area 
on the basis of equal units of stream mileage. . Either Eq. 182 or Eq. 18) 
Sony be used to determine | the e subareas anc and should ; give a time- ‘area concentra- 
— tion graph which more more closely approximates the true graph. Eq. 18a is the 


TABLE 3.—CoMPARISON BETWEEN Eas. 18a AND 18b 


(niles) 


Appomattox River near Petersburg, Va 1,335 
James River at Lick Run, Va 
Smith River at Bassetts, Va 

Meherrin River at Emporia, Va 

Middle Fork, River at Bid’ Bidwell Bar, Calif. | 


ben 


BONG 


Kings River: 
Piedra, Calif 72. 
132 
San Joaquin River Bie Creek, Calif.. 192 


BEB 


simplest to apply, and, since the problem is merely to divide a basin for which - 
Kis already known, should be nearly as satisfactory as Eq. 18). The number 
-—of reaches will equal K/T, and the values of d/ Vs (d is 3 the length of the reach) 
for all reaches should be equal. The solution i is reached easily by: approxima- 


tions if a family of curves showing the variation of with d, ‘and with 
is plotted. A first: approximation to the proper value of avs will be iow 
- value o of T L/K ve, which, for the . Appomattox River, i is 6.0. A final value of 

5.75 was determined by the writer, which gives ten reaches of 8.6 miles, one | 


reach of 1 12 miles, and one of 24 


_ Corrections for Transactions: In November, 1943, Proceedings, page 1352, 
tine 15, change “ “the time-area concentration curve;” to read “the time-area_ 
concentration curve converted to flow for 1 in. of runoff;” and, in Fig. 8, 
change the ordinate caption to read. “Discharge Thousands of Cu Ft per 
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1 0.082 
North Fork, at Auburn, Calif............ 56 | 10 | 619 0.064 
o | 12 | 635] 1 0.075 
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AMERICAN SOCIETY OF CIVIL Faheacuaaed 


AND AERODYNAMIC. STABILITY 


K. BERNHARD, 24 AM. Soc. .24¢_ In author’ unusually inter- 


as far ras | the writer is first: attempt to this difficult 
‘problem. The author has treated the entire range ‘of this ‘subject’ in a “most 
comprehensive way. His primary aim—formulating positive rules to 


failures due to aerodynamic instability or, as he expresses it, the prevention of 
this disease rather than its cure—seems of utmost importance. fo, 
a In connection v with the vibration of bridges, the logarithmic decrement for 


sg ‘structural damping is of particular interest. . The author | presents a a wide 1 range — 


of damping values for suspension bridges of the order of magnitude from 0. 002 


to | 0. 130. _ These ¢ damping decrements may be compared with damping | values — 


oad In the Society’s s report on | the Tacoma Narrows Bridge fa failure values fi from | 
0. 0055 to 0. 057 are > published resulting from tests?® by F.B. Farquharson, Assoc. ‘ 


M. Am. Soe. C. E., on a suspension bridge model. 


Experiments, seated as early as 1928 by the \ writer on actual bridges with — 


the | method of vibrations, yielded values for structural damping from 


(0. 063 to 0.112. usin The lower values refer to welded beams, the higher \ values | ; 


tor riveted trusses, ere the values i in n between to riveted through girders. . It 
e connections: of riveted trusses 


= Notse.—This paper by D. B. Steinman was published in November, 1943, Proceedings. Discussion 


on it is paper has appeared in Proceedings, as follows: February, 1944, ad ‘Edward Adams Richardson. will! 
24a Received by the Secretary 3, 1944. Ow: 


Proceedings, Am. S00. C. E., December, 1943, p. 

26 ‘Purely Dynamic Methods of Investigating Stresses in Structures,”” by R. Bernhard and i Spiith, 
DM» Stahlbau, March 22, 1929, p. 61; also ‘‘Endurance Tests on Riveted and Welded Bridges,” ; 
Bernhard, Verein deutscher Ingenieure Zeitschrift, Vol. 73, No. 47, 1929, p. 1675. vor I ie 


27 "Determination of Static and Dynamic Constants by Means of Response Curves,’ ’ by. R. 
hard, Journal of Physics, Vol. 12, No. 12, December, 1941, Pp. 866-874. 
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ERODYNAMIC STABILITY a 


1944 


4 
For similar reasons an increase in damping \ with rising amplitudes could be ex- | 


“perienced | coinciding approximately with Eq. 35 which contains a ‘factor 

oy Am (Am - amplitude). — Furthermore a certain change of the damping ca- 

"pacity with respect to the number of vibrations induced in the structure or 
structural unit could be observed. During a series of long- time vibration tests 

q first a decrease and, at impending failure, an increase, in structural damping _ 
was noticeable. _ The same method of induced vibrations yielded somewhat 
similar results for the internal damping capacity in mild steel s specimens. 
In general, damping values determined by experiments on actual bridges of 


| ‘any type n may indicate higher figures, not only when compared with metals but 
q 


also with bridge models. The ‘previously _ mentioned ‘damping effect of struc- 
tural connections, the damping of the foundations, and, finally, the damping 
of the sueveunding soil, etc., will be noticeable, all these effects being rather 
difficult to imitate in model tests. Referring to the influence of soil charac- 
teristics, average damping values as high as 1.25 have been observed in actual 
Inthe) Society y’s report of the Tacoma Narrows Bridge failure®® (Appendix IV) 
an n “accepted value of 0. 3 fe for beam type bridges” i is cited. _ According to this 
“figure ‘the logarithmic damping decrement for beam- -type bridges i is approxi- 


The value of 0.30 the value of 0.31 as 
a published in 193729 It should be kept in mind that this high value, howe ever, 


4 represented an average value for all types of structural units such as engine — 
f parts, ceilings, w alls, tow ers, ship. decks, masts, airplanes, and airship parts. — 
. _ The e author rightly emphasizes the f fact that accurate information on the 
7 structural damping of s suspension bridges i is lacking. . Furthermore a reduction 7 
. of the wide range of damping values as published by t the various investigators — ; 


¢ night be v valuable. 5 Both s seem to indicate that experiments ¢ on actual sus- 
— Inhis conclusions the author states that a modification of the bridge cross 
, ‘eetion, by introducing open spaces in the floor, | can be used to eliminate 
-serodyn namic instability at the source. 

- This fact has also been observed by the writer on a simple model used for 
tlassroom, demonstration at Pennsylvania § State College, at State aprueaded 
- 1940 and 1941. x The model consisted essentially of a small wooden frame of 
approximately 10 i in. by 10 in. suspended by four weak vertical springs, one in 
each corner. _ The conditions fora vibrating system with s six degrees of freedom 
vere fulfilled; in other 1 wor rds, oscillations of the sides or of the corners | of the 


‘tame either in phase or in antiphase were possible. Since the wooden 


iid not deform during the vibration, only the almost negligible internal damping 


of the four springs cmaiind ed active. 1 The fr front and rear bar of the wooden 

frame could be 1 replaced by rc rods of ‘aerodyna namically stable | or unstable cross 

‘ection, A removable piece o of cardboard, stretched horizontally | between a 


front and : rear r bar of the frame, ‘imitated, at least to a certain e extent, ‘the deck 


r *“Some Mechanical Properties of Plastics and Metals under Sustained V ibrations,” by B. J. Lazan, 


ly sey namic Tests by Means of Induced Vibrations,” by R. K. Bernhard, Proceedings, AS.T. _ Pt 
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BERNHARD ON AERODYNAMIC ‘STABILITY Discussions — 


oof one bridge sii: ti Thus an atmospheric damping factor, as mentioned by 


an ordinary fan, was directed against the model. Different types of linear as" 
well as torsional self-sustained v vibrations could be built up. | ne experiments: 
be considered as ; elementary y pilot tests only. 
A rectangular section of the front and rear bar of approximately 2 in. by 

4 in., the larger side facing the wind stream, simulated unstable conditions for 

a the individual girder. Whenever the cardboard deck remained in place the 
amplitudes increased up to a definite dynamically stable equilibrium. Re- 


moving this cardboard completely resulted in increased amplitudes, probably 


aan ‘emotes’ set of bars with half-moon cross sections of approximately 1-in. 
radius, the flat i sides | facing the inside o} of the frame, simulated dynamically s stable 
conditions for the girder nearest the fan. . No substantial reduction of the 
-- Taaximum amplitudes (that i is, shielding effect) could be observed since the rear 


_ Finally a change in cross s section of the complete bridge panel, for example by 


type of self-sustained vibration regardless of the cross section | that + was su substi- 


bur | 


Bene author, was introduced. _ A constant horizontal wind stream, produced by — 


menarend in part, by the substantial reduction i in atmospheric damping. gi ch, | 


_ cutting longitudinal holes i in the cardboard deck, corresponding ly 
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[SCUSSIONS 


SHEAR ON THE ‘ STRENGTH 


B. HALL, 16 Assoc. M. Am. Soc. ©. E. 16a__This paper, with 
thes by the same author, ad which it supplements, is a useful addition to the | 


literature of column analysis. ~ Hence, with some regret | the writer notes an 
error in the derivation which will necessitate some revisions. = oe 


= @6©6. The error it is in Eq. 21, which was introduced to establish 1 continuity between 
a the two ‘segments of the. strut shown in Fig ig. . y The author has assumed that 
the elastic curves of both | segments | have the same slope at the point | of 
application of the concentrated load Fr. where they j join. . This assumption is 
incorrect. _ The slope of the elastic: curve of shearing af of * beam i is 


(a) EFFECT OF LOAD EFFECT OF CHANGE OF 

scontinuous at points: of concentrated loading Cig. 7(0)), and at points 7 

abrupt change i in section (Fig. 7(b)) 


__ The correct n method of establishing compatibility at 2. a ais to. fit together © 


the two faces of the section cut through that ‘Point. be The « expressions f for the 
‘lopes of cross sections of the upper and lower segments of the strut are e shown — 


Fig. 8. This figure is diagrammatic. In solid members, for example, plane _ 


oe ha -—This paper by S. Sergey was published in November, 1943, Proceedings. Discussion on this : 
thas appeared in Proceedings, as follows: February, 1944, by Leon Beskin, and Marshall Holt. —— 


"Stress Analyst, Otis Elevator Co., New York, N. Y. re 
“* Received by the Secretary February 3,1944. > 


" Bulletin Ne. 101, Eng. Stat n, Univ. of Seattle. 
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ON STRENGTH OF STRUTS Ma 
under shearing loa loads become ‘shaped. The sloping plane surfaces 


shown represent ¢ effective values, obtained with the aid of the shape factor K and 
in the case of solid members, or by means of Eqs. 28 in the case of built-up Jf the 


7 
Bue 
(a) UPPER SEGMENT (b) LOWER SEGMENT eriv 


a. 8. —Renation oF Store or Cross Section To Store oF Euastic CuRVE 


; To make the lower face of the e upper segment uit upper f face of the i 
lower | segment one must w rite, in place of Eq. 21: y differ 

Aa LAG 


substitution of Eq. 56 for Eq. 21 some effect further de- (e+ 
_ velopment i in the paper. | The remainder of this discussion will be confined to pd 

4 ascertaining | whether the effect is of any actual consequence, leaving the detailed and, { 

“ s work of revising the affected equations f for the author to perform, if) warranted, 4 

Attention first will be directed to the simplified problem which results when dgp- 
the strut. is of constant section throughout its length. For this condition, 

vont, 


Also, u=1. Theo operations which immediately follow are analogous to > those 
of ‘the paper, , and, in place. of Eq. 24b, cury 


| effect ; 
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HALL ON STRUTS 4 


For purpose of « comparison it will be convenient to convert both Ea. § 
and Eq. 58 into the terms introduced in Eq. 30, with some modification. In 
the paper t is a measure of the critical column eed , and a is a measure of the 
relative shearing flexibility. 7 _ Now designate all corresponding terms pertaining a 


to a strut subject to bending deflection only by the subscript M. Let: 


(6 

m §6It will be of further advantage to confine the comparison to struts for wh hich 
a small number. Asa approaches : zero, dt will also approach zero, and a 

linear relation between them can be found by the same ‘processes | used in a 


deriving the rules for differentiation . Eq. 61a, for example, may now be 


he 1% By (1) making the indicated substitutions, (2) carrying out ut the process of 


7 differentiation, and (3) subtracting from each side of the equation the terms — 
that would appear in the equation for a strut L subject to bending deflection | 


56) oly—one will finally. arrive at the following 1 new "equations: From Eq. 


fy(1—k) 2-k | 


= 


‘Numerical values: of tu, or tu, as a function of are known,® and 


may be substituted in Eqs. 62a and 62b. zu) Thus s values of 6t/a may be ealodldted 
isa function of k for each of these equations, Eq. 62a representing the author’s 7 : 
| ietivation and Eq. 62b representing the corrected derivation. The two fune- _ 
cron plotted together i in Fi ig. 9. _ The principal relations between these two o 
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(58) the st acts IS applied in the upper part oF 

a strut, and outward when P is applied in the lower part of the strut, thus _— es 

“Bulletin No. 101, Eng. Experiment Station, Univ. of Washington, Se 

= 

— 


increasing the in the case and the in the 
latter case; and (b) the part of the shearing effect considered by the author— 
namely, the change in curvature in the loaded segment—diminishes in 3 in im- 


Portance a as the load lower support; the relative error js 
7 


= 


ty and 
of 


- 

4 


alues of 


Value 


of 


7 and in n many cases will be more resistant to shearing deflection. . Under this, 
the normal condition, - angle at the junction of the two segments, produced 


deflection, and hence phe hie the stability of the strut. In a case W ‘here the | 
upper segment of the strut is considerably more yielding than the lower r segment, 
and the load is | applied at approximately midheight, this phenomenon may 
_ prove: a substantial, or even the predominant, part of the total shear effect. 
Where the load is : applied near either « end, this effect will be less. bi Wy. 
OF Basing h his judgment on the foregoing comparisons, the writer believes that 
a the error in the paper is nomumereed large to warrant revision of the e equations 
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| 5t Equation (56) and (62a) | visio 
is more complicated when there is vaded segment of such s 
The problem 418 nditions of design, the loa 
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m- DISCUSSIONS 


SIMPLIFIED ANALYSIS OF SKEWED REINFORCED 


-CONCRETE FRAMES “AND ARCHES 


WA ti 


By MAURICE BARRON , PHILLIPS: ‘AH. LOVERING, , 


= 


‘Maurice Barron, —In 1932 the writer, under the super- 
vision, made some of the computations for an investigation of the effect of | 
variation in the skew angle on the reactions of skewed frames. The method ; 
then used was that first published i in 1931 by Mr. Hayden” and the investiga-_ — 
tion was carried through | the simultaneous solution of the elastic. equations. 
‘h this investigation the writer was concerned with a structure of the standard 


» concrete e rigid frame type of bridge. . Only the skew angle was permitted to 
— The conclusion was that, for all, practical design purposes, and well 
within the limits of ‘computational accuracy, the rectangular horizontal re- 
- action is independent of the skew angle. This conclusion is the basis for the 
tire first part of the paper dealing with analysis, 
= k The wr writer has investigated the validity of this conclusion when applied to 
re two reinforced concrete elliptical skewed barrel arches (for convenience identi- 
fed as bridges and B). Bridge A, designed by the writer, is : is a a 45° skewed 
this arch with a square span of 56 ft. . Bridge =" a 36.5° skew and a squar eo 


> the In designing bridge A many short cuts (not ak, 
including the prin rciple of the elastic centroid, ordinary and torsional elastic a 


weights, the shear increment of computing moments. and Maxw ell’s 
theorem of reciprocal deflections. four elastic equations (see Appendix, 


ay 
fet. B Eqs. 1) were thus greatly simplified; one or more coefficients in each equation, 
vitah | a total of eight, “were reduced to zero He The solution of the four equations was 
that correspondingly simplified and resulted in the following equation for r the 
tions Nors.—This paper by Richard M. Hodges was published in May, 1943, eine, _ Discussion — 


- this paper | has appeared in Proceedings, as follows: September, 1943, by Messrs. C. D . Geisler, and Arthur 
1943, by L. and L _Parme; and ‘February, 1944, by J. 
= thbun. 4 4 


 ®Designer, Office of Gilmore D. Clarke, New York, N.Y. 
3"The A. .G. Wiley & Sons, Inc., 1940, 2d Ed. Ed. 


= 
» 
= 
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nent, 
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- 3.19728 


= 0. 0. 01585 29 0.04862 6225 dy. . (26) 
ing which R, is the wales horizontal reaction: 5, is the deflection (including 
torsional effects) of the base. frame in the direction and at the point of applica- 
tion of R,, due to the load under considers ation; 5, is the deflection of the base 

frame in the direction and at the point of f application of R., due to the load 

p 
under consideration; and oy is the angular rots ution of the base frame in the 


direction of My, due to the load under consideration. 
the proposed simplified method: 


— inw Ww which | Hi is s the rectangular horizontal reac tion; and a. " is is the deflection of the 


ts 
rectangular structure in the direction and at the point of application ¢ of H, due 
A to ) the load under consideration. The coefficient of H is = + As and does not 


contain torsional effects. 
‘The values - to be substituted in Eq. 26 for — unit vertical influence load 
are of interest because they show the contribution of each deflection to the 
; total. T able 13 gives these values, as well : as Vv alues for J g,. by the e simplified 
‘method, for the unit vertical influence load, for. nc pressure from the left, 


LE 13. —Souvtion oF Ea. 2 


t 


0.0152074 dz 0.0190 0.0692 0.1355] 0.2092) 0.2837 0.3501 0.3993 q 0.4249 
0.0158529 6: | —0.0000) —0.0002} —0.0013} —0.0033) —0.0060| —0.0092| —0.0120| —0.0136 
—§.0486225 oy 0.0025) 0.0088) 0.0171| 0.0263) 0.0353) 0.0432) 0.0489) 0.0518 


0.0215] 0.0778] 0.1513] 0.2322] 0.3130 .3841| 0.4362 Ms 4631 


0.0216] 0.0780 0.1516 0.2321) 0.3118} 0.3831] 0.4317| 0.4576 


0.0149 0.0587) 0.1336} 0.2215) 0.3064) 0.3759) 0.4193 . | 123.88 
0.0149 0.0587), 0. 1336 0. 2214) 0.3059) 0. 3746 . | 124.0 | 304 


For 


= 


— Itis evident that, except for temperature change, 5, is the predominant fac- 


‘tor contributing to ‘the reaction The other two values are not only of 


The close e agreement | in the: 
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RIGID FRAMES 


data is added proof that the conclusion applies as well to elliptical skew ed 
a. he author has shown 7 — — this conclusion i is s exact for flat- 


The writer wishes to the manner in which Mr. has stilined 

this conclusion i in his proposed simplified analysis. In step 1, the right arch 

or frame is ; analyzed for the redundant horizontal re reaction, choosing : as a base 
structure a ‘statically determinate system, usually a simple pon. . This in- 

volves one unknown, H, and the solution of one elastic equation. “as In step 2, ; 

the final structure is is analyzed using the foregoing system, with H and eH 
applied, : as the base frame. ne Particular a attention is called to the fact that the 

base frame in step 2 of the analysis is a statically indeterminate system; but 

it must be a system in equilibrium. — Therefore, after H has been found and 
applied the second base system must be s stabilized by the » application | of 7 
equilibrating reactions. This is possible only because the two elastic stra 
can be e considered independently. _ 4 In the analysis of bridge A the base struc-_ 

ture chosen was a simple span with a rigid bracket from the hinge (on rollers) — 
to the clastic c« centroid. Fora symmetrical structure this centroid is on the 
center line. This procedure | incorporates the desirable. features of symmetry 
and agrees with | the base structure ordinarily used in ‘analy zing rectangular 
frames and arches- —namely, a a simple s span. dis The writer believes this is another, 
short cut that can be incorporated advantageously into the proposed simplified 

Bes The design of a a skewed concrete rigid | frame or arch bridge | by the exact 
‘method is seldom attempted without the use of short’ cuts. Approximations: 
should be accepted only where the limits of accuracy are understood and know n. 
Any designer who has waded through this exacting work and the lengthy 
computations will appreciate a any ‘method that reduces the amount of comput- 
ing or decreases the probability of error without sacrificing safety or economy. 
The proposed simplified. method of analys sis does this. ‘lo | 
a Comparisons, such as the foregoing, indicate that the approximation re-— 
sulting from the - neglect of the effect of the torsional elastic system ¢ on the 7 
rectangular elastic system is of the same order a as the approximation usually = 
made byt neglecting shearing distortions when analyz zing rectangular frames or 
arch h bridges. ' The neglect of rib shortening due to axial thrust also falls in 
this ¢ category, except for flat arches. 
Furthermore, in the solution of the equations, analysis the 
exact method | encounters the troublesome problem of small differences. s. Only 
alter c considerable experience and numerous designs is it possible to know how 
siderable experience an 1 g p 

many significant places are required in any particular case. e. Usually, there- 7 
fore, the tendency i is ‘to carry | the calculations to too many : significant places. 7 
By using the proposed simplified method of analysis, this difficulty is overcome 
= a great extent. The problem : is nonexistent in determining the haieeenal 
- Teetangular reactions in step 1, since the solution of only one elastic squation 
involved. In step 2, the number of is reduced, 
‘the occurrence of small differences is minimized. eds ‘ot laups 
Another interesting feature of this paper is its solution of the problem of 
‘foundation 1 restraints. Rotation of the foundation because of. ‘compressibility 
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BARRON ON SKEWED RIGID FRAMES Discussions 
~ 
a of the suppor supporting ng material is an unknown factor a and therefore analysis for 


boundary conditions (full fixity and free rotation) is justified. Although the 
7 _ added refinement of including the soil modulus would | show the effect of partial 
restraint, , such an analysis would depend o on the accurate determination of this 
modulus and its uniformity. _ For this — reason the writer favors design for 
4 boundary conditions since the true condition must be somewhere between the 
limits. | Rotation of the foundation about the vertical axis is | usually im- 
possible. Restraints due to friction and “approach w: walls will ‘prevent this 
rotation, and, even where the approach walls are separated by ‘expansion 
joints, the foundations are usually poured : monolithic. od 
Ti Earth rp pressure, as a a load, is much more important in a skewed | structure 
_ than it is in a rectangular one. . The analysis for this load i is usually relegated 
to a minor role, but the author gives it some of the major consideration it de- 
serves. In the proposed method step 1 is still the determination of the rec~ 


ra centestheninoiiel reaction, but step 2 is much more involved. The base 
frame for step 2 is again a statically indeterminate system with H (as found 
in step 1) applied at the hinges; and, exactly : as before, this base frame must be 
stabilized by cross shear before the » for the torsional 
elastic effect of *t of the structure a1 are started - In previous methods this stabilizing 
cross shear reaction is not separated from the redundant, , and the total is 
wy applied at the hinge. © The author divides this stabilizing cross shear reaction 
into two parts, one applied at the hinge and the other applied along the back 
ia = the abutment. . The first part is obviously the foundation restraint but the 


second part requires explanation. — Since equivalent fluid pressure was assumed 
acting normal to the abutment, it seems logical that frictional resistance to 
distortion will develop along the back of the abutment, and that this part of 
: the frictional equilibrating cross shear reaction cannot exceed the normal 
_ pressure times the coefficient — of friction of earth on concrete. The author 
applies this p part of the eq equilibrating cross shear reaction ‘concentrated at the 
_ center of normal pressure. 7% He then transforms it into a cross shear reaction 
- applied at the hinge plus a moment about the z-axis. The net difference in 
results between the author’s method and previous methods should be this 
additional moment of transformation. Since it is on the safe side to do 80, 
this moment of transformation should be included in the a analysis. ~ There is 
also a transformation moment about the y-axis which has been n neglected. 
‘The close agreement of R, and H (see Table 13) for earth | pressure from the 
left indicates that the basic conclusion stated in the beginning of this discussion 
is just as valid for horizontal loads as for vertical loads. pane © salle 
‘This simplified method of analysis may be applied to double-span s skewed 
structures. ‘if the following logical deductions are accepted. The evidence 
7 shows that the two elastic systems of single-span skewed structures are prac 
tically independent for vertical] and horizontal loads and | equally independent 
of the ‘shape. ‘of the structure. A double-span s structure : may be considered as: sf 
j span with an | elastic bracket at the center, to the ends of which are ap 
forces e equal to the redundant logic 1 may be extended to 
include three or more spans. __ lo 
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1944. LOVERING ON SKEWED RIGID FRAMES 


With all the available data, and this s simplified method of 

should be no necessity for avoiding the skewed barrel type ec concrete rigid frame 

_ PHILLIPS H. Loverine,” Assoc. M. Am. Soc. C. E.2%— —The value to the 


iain of mang papes in in Proceedings s is emphasized by predictions that the 7 

ideas: and information n advanced should prove important. _ The v value of this 

- paper does not rest upon n prediction. - Within nine months of its ; publication, 

the writer already had used this design method for four bridges and aie 

saved at least seven days of design time on each bridge. The time required for for 
checking the design is reduced about four days. 

_ More important, for any) method based on the trial of assumed sections, _ 
subsequent trial designs may sometimes have to be made; and, i in Seance 

former procedure, the ‘suitability of the sections tried could not be determined 

until the end of the design, yn, whereas using Mr. Hodges’ method the suitability 

of the sections is determined by the second day, or in about one tenth the time 


required by the former m method. The value of dividing the design into two 
parts with the longer and subordinate part coming last is thus emphasized. a 
_ The writer has found that the difficulty of choosing correct sections increases 
with the skew, and is caused mostly by the high temperature stresses. As in 
other arches, the > temperature stresses can be held to a minimum by choosing “ 


sections that have a moment of inertia just sufficient to satisfy the stress re- 
uirements throu hout a large part of the arch. In applying this rincl le to 

the e rigid frame bridge, i it becomes evident that the “values at the hn are SO 


comparatively small that it is dest to thicken. the knee because, although this. 
decreases these values still more, the reduction of moment obtained in the 


middle part of the arch allows a considerable reduction in J and a corresponding» 


increase in the “values. The difficulty of ‘obtaining » a smooth intrados curve 


under conditions of a thick knee and a thin section throughout the central part 

of the arch i is partly overcome by using an ellipse instead of the arc of a circle for for 
the intrados with possibly a short tangent ‘at the crown. This expedient 
tomes V valuable for skews of 45° and more. Lengthening the legs also somewhat 
the temperature stresses. 

_ The high shears at the bottom of the leg ar are probably cnmutaeed: across the 
‘construction joint into the footing mostly by friction. However, at least a large 
part of this uncertainty is removed by placing V-notches across the joint, and, if 7 
the longitudinal key occupies the middle third, the transverse V- -notches —" 


be set in the footing on either side of the ra rather than across the bottom 


by the Secretary February 8, 1944. 
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POLIVKA ON SKEWED R RIGID FRAMES _ Discussions 
ROSLAV M. Soc. E 300__For some decades structural 


engineers: and ‘scientists? 36 have. grappled with the relatively simple 
Basse pei ofa rectangular slab or plate supported on two opposite edges a and sub- 


jected to transverse loading—a problem that cannot be identified with the 

‘s solution of a simple beam, due to the effect of P Poisson’ 's ratio. 1s The problem of 

a similar plate, but one with skewed shape, has only recently been solved with 

any degree of exactitude.’ These are ‘much simpler than those 


involved i in skewed frames and arches. = 
“e Structural engineers familiar with such niaien would be reluctant to 0 apply 
any method which, in spite of the complex mathematics involved, yields only, 


approximate ‘results. ‘Mr. Hodges | is to be commended for ‘simplifying ‘the 


mathematical analysis ¢ and for bringing the subject for discussion. os _ How ever, 
“a the analysis of even less prvi structures, engineers are inclined nl 


= to Look ‘with disfavor on a method of analysis which is only a an approxi-— 
“mation and which has not yet been corroborated satisfactorily by tests on 
‘models, and certainly not by tests on existing structures. ayes i ey 
edna are three possibilities for progress in the design of skewed frames 


(1) To delve deeper into the study of. the structural behavior and stress 


distribution i in skewed structural members, Gea: an _ analysis on the basis 
; of the exact theory of elasticity as it is used for ‘Plates : and shells, and checking 


such analysis with laboratory tests and field measurements; 
ee iD To use only the results of actual tests for the design of skewed frames” 


(3) To discard the skew ved d slab in in the > design of frames sand arches and to 


_aletitaie another type sof structure, 1 more amenable to exact analysis, as as, for 
example, frame girders combined with continuous slabs, or heavy wall girders 


combined with cylindrical or arched shells in reinforced concrete casaaens may 


even prove to be more economical). 


Research Associate, Univ. of California; Cons. Engr., Kaiser Co., ‘Rothe, Calif. 


81“*Contribution a l'étude de l’équilibre é élastique une plaque rectangulaire ‘mince,’ by 
thesis presented to the Faculty of Sciences, Univ. of Paris, Paris, 1900, p. 295. 7 
“a 32‘*Partial Differential Equation of the Fourth Degree,’”’ by M. Coialowitch, St. Petersburg, 1902 


V'intégration de l’équation relative 4 l’équilibre des plaques élastiques encastrées,”’ by 


Lauricella, Acta mathematica, Stockholm, Vol. 32,1903, p.189. 


‘te 34 “‘Sur l’intégration de l’équations biharmoniques,”’ by S. Zaremba, Bulletin de Cracovie, Vol. 20, 1908. 


g _ %“Theory of Plates and Shells,” by 8. Timoshenko, McGraw-Hill Book Co., Inc., New York and 
London, 


_ Die Formaenderungen und Spannungen rechteckigen” elastichen Platten,” by A. Nadai, 
Forschungsarbeiten, Berlin, 1915, Vol. 170, p. 171. ae 

37“Ueber die elastiche Deformation parallelogrammfoermiger Platten,” by A. Anzelius, ‘Der Baw- Bau- 
ingenieur, Vol. 20, No. 35/36, September 8, 1939, p. 478 
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al AMERICAN SOCIETY OF CIVIL EN NGII win 

GEOLOGY IN -HIGHWA‘ Y ENGINEERING 

‘BY CARL LB. BROWN 
Cant B. Brown, *_The professions of engineering and geology will 
ss both benefit by ¢ a paper that calls attention to the many aspects | of highway 
a en ineering in which the training and view point of the geologist can be a 
ess service to the engineer. 7 A list as extensive as that of Mr. Huntting could be 
‘sis readily dev eloped for railroad engineering, flood control engineering, military - 
ing engineering, and, in fact, any engineering field” dealing » with ‘the | surface con- 
figuration of the e earth, earth: materials, or dynamic geology. 
nes s Unfortunately, many engineers, ‘seemingly, have not learned to appreciate a 
pial the aid that can be rendered to ) them not only by geologists, but by soil scien- 4 
to tists, climatologists, agronomists, and specialists i in numerous other fields. If. 
for some engineers seem noncooperative, this may be due, in part, to the failure 
ers of geologists, figuratively, to “come down to earth” or, literally, to anh ar 
1ay their ‘ ‘stock in trade” on the basis of what i is important i in terms of the life of 
4 ~ Although most of the paper shows an excellent appreciation of en engineering | a 
aah | needs, under the heading “Desirability of Baap: Sites and Road Sites with 
ws" Gl Respect to Possible | Changes of Stream Channels,” the | conventional, and not — 
1902 to applicable, geological interpretation of erosion cycles and causes of stream-— 2 
“Climate and rock types and structures act modify the effects of 
asad _ erosion. * * * Hardness and chemical reactivity of rocks have obvious 
dai, _ effects upon erosion. * * * Rock structures act to control erosion and in. 
as a doing they exert considerable control over stream patterns. 7 
ail Ay - effects upon shifting of streams attributable to stage of erosion [youth, 


_Inaturity, or old age] and to modifications imposed by climatic and rock 
is structural conditions are recognizable in advance through geologic = 


Nore.- —This paper by Marshall Huntting w: was published i in December, 1943, Proceedings. 
‘ussion on this paper has appeared in Proceedings, as follows: February, 1944, by W. Ww. Crosb iw 


‘Head, Sedimentation Section, SCS, U. 8S. of Agriculture, Washington, C. 
“ Received by the Secretary January 26, 1944. vv 
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424 BROWN ON HIGHWAY ENGINEERING __ Discussions 

“These dtiabininiahe all refer to processes and effects that act or result so slowly 


that they are generally of little importance in considering engineering structures 
expected to last 100 years or even 500 years. 
_ Throughout most of the United States, especially in the humid sections, 
Dna inp soil erosion is a far r more critical fac factor it in 1 highway and bridge con- > 
struction on and maintenance than geologic structure or rock type. Many i in- 
~—_ could be cited of stream channels that once ran over rock shoals with 
high banks sufficient to confine all but the largest flood flows, and that today 
a 3 are fitted with sand to — a foot or two of the top of - @ banks. Asa result, 


- 


_ The streams of the Southern Piedmont, in a geological a are init: 
‘mete region as a whole is in a stage ge of geologic . maturity. , of the second or later 
7 cycle, being perhaps half finished with the process of downcutting from a 1 former 
7 f peneplain surface to a new peneplain level. _ Many of the streams today, how- | 
ever, are not t degrading their beds but are rapidly / aggrading, | because of the 

' ewntens of coarse sediment produced by widespread sheet erosion and severe 
7 ~ gullying of the deep soil mantle—a result of the clearing and cultivation of the 
land. The rate of slope erosion has been drastically accelerated, — and the 


response has been stream-channel and valley aggradation. The rate of acceler- 


ation, itself, has fluctuated widely during th the e past 14 150 years with the 1 ups and 


"downs of agriculture. The future channel regime at: any point where a bridge 


7 is to be e built will | depend more on future land use and the extent 0 of soil con- 
rg servation in the watershed than on the relatively immutable geologic factors 
of rock type, structure, and climate. 


Engineers: will: find considerable information of the e effects cof 


and 1940 by the U. S. Department of ‘Agriculture 


4 (31) “Principles of Gully Erosion in the Piedmont of South Carolina,” by 
HA. Ireland, C. F. S. Sharpe, and D. H. ‘Eargle, Technical Bulletin 
ia (32) “Some Principles of Accelerated Stream and Valley Sedimentation, Ue by 
: en Happ, Gordon Rittenhouse, a and G. C. Dobson, Technical Bulletin 


__ Numerals in parentheses, thus: (31), refer to in n the Bibliography Appendix 
of. the at the end of discussion i in issue. 
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Y THOMAS E. STANTON 


i -‘Tromas E. STanTon, 6 M. ‘Au. Soc. C. E.°—No one who has been close to 
‘the procedure for designing and constructing military ‘airfields can fail to be 
impressed with the thoroughness with which the Engineering Division of the — 
Corps of Engineers has explored the subject. The magnitude of the problem 
is more readily appreciated when it is realized that the Corps has been forced — 
to anticipate the development of heavier and heavier planes without always 
having definite advice : as to whether or not a given field, originally designed — 
for light: traffic, would be converted into a heavy bomber field as soon as — 
completed. _ The cost is exorbitant and the work seriously delayed if all fields 
are to be constructed for heavy duty. . How ever, a more serious condition — 
arises when a field designed to handle light traffic is inadequate because 


nilitary needs require a service too heavy for the constructed 


importance in pavement « design for primary highways | are of negligible i im- 
portance in n runway pa pavements. - For impact and | loading frequency, the width _ 
of runway is. insurance against too frequent or rapid repetition of loads. — 
Furthermore, the ‘telatively large tires on airplane landing gear provide a 
wider spread and ‘usually ‘a somewhat lower unit loading than vehicle truck 
tires, thereby permitting greater deflection of the pavement ‘than can be 
lolerated i in highway pavement construction. 
c On the other hand, the much greater total | loading ; from the large bombers — 
and ' transport planes can be charged on the. adverse ‘side of the ledger ¢ and, in 
the ca: case of relatively | weak subgrade soils, requires a much heavier base design 
“than necessary for the heaviest loads permitted on any highway pavement. 


_ Nore.—This Symposium was published in January, 1914, Proceedings. Discussion on this Sym- 
Dostum has appeared in Proceedings. as follows: February, 1944, by James B. Newman, oe. _ 


* Materials and Research Engr., State Div. of Highways, Sacramento, Calif. 
_ “Received by the Secretary Jaunary 31, 1944. 
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STANTON ON MILITARY AIRFIELDS — 


engines. The assumed designed are increased (25% for 


serious concern to the highway "engineer. 
heaviest loading permissible on is 9,000 
_ wheel, whereas the designed loading for all but one of the classes of airfields 
weal s considerably greater than thisamount. The only a airfield loading comparable 
to highway loading is the Class IV field which is based on a deien * wheel load 
oft 5,000 Ib as against 15,000 Ib for a Class III field (Table 1). I F ‘urthermore, 
- single tires are used on | airplanes of this loading, whereas most trucks carr carrying 
loads in excess: of 6,000 lb to 7,000 Ib per wheel have « dual tires. . 
For the same eer load, single-tired trucks have prov ed much destrue- 
> 2 tive than 1 dual-tired trucks. _ Part of the reason for "this is in all probability 
the more severe bending of the pavement surface for equivalent total deflec- 
tems, With heavily loaded single tires, failure results under a relatively 
_ small number of load repetitions for deflections of as of as little as 0. 03 1 in. to ( 0.04 i in. 
_ Therefore, with no restriction for the loading on on as single tire, except the 
permissive total load per w heel, desi should be based on permissible deflec- 
tions « of not more than 0.02 in. to 0.04 in. - ., depending upon the flexibility ‘of the 
base and ‘pavement. — Howe ever, because of wartime tire conservation ni measures, 
~ trucks hav e been forced to limit the load per inch of tire width to a a much 
_ lower er value than was prewar practice. . Subsequent highway tests with dual 
- tires, and tests with the larger airplane tires, have proved that substantially 
_ greater deflections (say, 0.1 in. for the wide airplane tires currently used on 
eo larger airplanes) can be tolerated when the t total load is ‘spread over such 
a broad band. _ The permissible deflection is also dependent u upon the number 
of maximum load repetitions during the normal life 
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